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A B S T R A C T
The flow of particulate suspensions and brines in porous media is encountered in a wide 
range of industrial situations such as oil production, soil erosion, and ground water 
pollution and in the operation of filter beds. Three major classes of such problems are 
addressed in this thesis, namely particle movement, scale formation and filtration. Particle 
movement and scale formation are known to be serious problems in oil reservoirs where 
incompatible brine is brought into contact with the formation. Dramatic reductions in 
permeability are observed in such cases due to the release of fine particles that 
subsequently plug flow channels downstream.
This study deals with an experimental and theoretical study of formation damage resulting 
from particle movement and scale formation in porous media. An experimental 
investigation was undertaken to look into the possible causes of the injectivity loss in a 
typical Iranian oilfield. Sets of experimental investigations were undertaken with different 
objectives in mind. Glass and sand bead packs were used to test the experimental set up 
and to observe the general behavior of fine particle movement and scale formation in 
porous media. The experiments were conducted with injection rates from 25 cm3/min to 
100 cm3/min. Particles of alumina oxide were suspended in the injected water to simulate 
fine particle migration in porous media. The particles were injected at concentrations 
ranging from 500 ppm to 2000 ppm. It was observed that the build -up of flow resistance 
was mostly due to frontal face plugging. Alumina particles were added to the glass beads 
to study the effect of particles initially present in the glass bead pack.
A mathematical model is presented that simulates the porosity impairment by particle 
movement. This model, which is based on the mass balance of particles flowing through 
the porous media, at first, proposes an overall equation to determine the porosity and by a 
special mechanism it can predict the overall change in porosity. The equations are quite 
general and can be used to model the permeability reduction for any given pore or particle 
size distribution.
Also this study aims to investigate the calcium sulphate and calcium carbonate scaling in a 
porous medium to discover its possible effect upon the permeability of the porous medium. 
The information on the effect of scale deposition is obtained experimentally by flooding 
porous medium with incompatible brines. The experimental data are used to develop and
validate models for predicting the permeability decline caused by scale. The model is 
intended to provide a link between what is known or can be assumed about brines in an oil 
reservoir.
A computer program was developed which can predict the scaling tendency of the sulphate 
minerals and calcium carbonate, in water disposal wells, water injection systems, surface 
equipments and facilities that commonly form scale. This program is based on the latest 
correlations of experimental data relating to North Sea and Iranian oilfields. It is used to 
determine the degree to which brine becomes supersaturated with a scale forming mineral 
under specified conditions. Processes capable of creating supersatuartion in oilfields are 
described and it is shown that the distribution of scale depends on the process involved.
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a coefficient
A cross-sectional area, m2
Af open flow area of porous media, m2
Ah cross-sectional area of hydraulic tubes, m2
An anion
Ap cross-sectional area of open flow area plugged by retained particles, m2
Ap specific surface area of a particle, m2
As specific surface area of the bed, m2
b coefficient
B characteristic constant
Bi constant
C total amount of ionic species in solution, M
Cd coefficient
Cs mass solid concentration, kg/m3
Csc critical salt concentration
Cv the volumetric concentration of the particles in the flowing stream
CFR cake to filter ratio
dc test section diameter, m
dN change in the number of particles trapped at the surface of the core with time
dp particle diameter, pm
dsph diameter of a sphere having the same diameter as the particle, pm
d j pore diameter, pm
dp pressure drop, N/m2
dp/dx pressure gradient in x direction, N/m3
Dh hydraulic equivalent diameter, m
Dp particle diameter for non-spherical particles or matrix pore throat diameter,
Ds Diffusion coefficient, m2/s
E activation energy, J/mole
e cake thickness, m
EDTA ethylene diamine tetra acetic acid
f friction factor, (dpf/ dl)(dp / pu2)
f fraction of pluggable path
fd concentration of particles of critical size, d
fg° 2 fiigacity of C02
Ffi gravitational force, N* • 2 g gravitational acceleration, m/s
gc conversion factor
hc external cake thickness, m
I Ionic strength, mole
Jr particle jamming ratio
Jr critical value of particle jamming ratio
K permeability, m
Kg®2 Henrys law constant, M.psi'1
Kc conditional solubility product, M 2
Kc permeability of filter cake, m2
Kj initial permeability, m2
Km’ permeability of filter medium, m2
Km permeability of non-damaged formation matrix, m2
Knp penneability of non-pluggable core cross section, m2
KP permeability of pluggable core cross section, m2
Kr specific reaction rate
K° reaction rate constant based on Arrhenius equation, m4/kg.s
kr particle retention rate constant
kr/d particle release/deposition rate constant
Ksp solubility product, M2
Kst complex stability constant, M'1
K, first ionization constant of carbonic acid, M
k2 second ionization constant of carbonic acid, M
Lc length of the pore filling region of core, m
Lh hydraulic tube length, m
Lm length of undamaged region of core, m
Me metal
m mass fraction, slope or rate of scale deposited, kg/m3
n volumetric concentration of deposition particles
n rate of scale deposited, kg/m2.s
N number of particles
Nnd non-Darcy number
Nnp number of non-plugged hydraulic tubes
Np number of plugged hydraulic tubes
p pressure, N/m2
Ap/1 pressure gradient, Pa/m
Ap pressure drop, Pa
Apc pressure drop through the filter cake, Pa
Apm pressure drop through the filter medium, Pa
Aps pressure drop by the skin effect, Pa
p* dimensionless pressure drop
Pc capillary pressure, Pa
Qo
Q
cumulative volume of fluid injected expressed in terms of the initial 
undamaged pore volume, m3 
volumetric flow rate, m3/s
qP volumetric flow rate in pluggable paths, m3/s
Qnp volumetric flow rate in non-pluggable paths, m3/s
qO undamaged flow rate, m3/s
q damaged flow rate, m3/s
r radial distance, m
rw well radius, m
re drainage radius, m
q" heat flux, W/m2
R universal gas constant
Ri leading radius of drop, m
r2 trailing radius of drop, m
Rh hydraulic radius, m
Ro radius, m
Rem modified Reynolds number defined as dp . p . u / p . (!-({))
V
Ref Reynolds number defined as dp. p . Uf/p
Re0 Reynolds number defined as D. p. u/p
s Specific surface for spherical particles, skin factor
sb surface area per unit volume of the bed, 1/m
s0 surface areas per unit volume of particles, 1/m
Si ionic strength, M
SR saturation ratio, dimensionless
SI scaling index, dimensionless
rt rate of particle trapping
rw well bore radius, m
T temperature, °C, K°
Ts solid concentration in flow stream, kg/m3
TDS total dissolved solids, kg/m3
TSS total suspended solids, kg/m3
t time, s
t transition time, s or dimensionless time
u velocity of flowing phase through porous medium, m/s
critical velocity flux necessary for mobilization of particles on pore surface, 
U° m/s
unp volumetric flux in nonpluggable paths, m3/s
up volumetric flux in pluggable paths, m3/s
v velocity, m/s
critical fluid velocity necessary for mobilization of particles on pore surface, 
Vc m/s
vm mean fluid velocity, m/s
V volume, m3
Vb bulk volume, m3
Vp pore volume, m3
Vs volume of solid matrix, m3
x distance from inlet face of test section or core, m
COyg 2 mole fraction of C02 in the gas phase
2-M CCa+CMg+Csr+CBa5 M
Z direction normal to pore surface
Greek Symbols
a empirical constant
a cake deposit constant or fractional injectivity index
a* the number of particles required to block the entry pore length
a(t) injectivity reduction time by a fraction
p flow restriction parameter or surface deposition constant
pf inertial flow coefficient
p s particle retention rate constant
p t rate constant for particle capture at pore throats
<{> Porosity
(j). initial porosity
<j)c fractional cake porosity
cp Sphericity
X  l i t h o l o g y  f a c t o r  o r  f i l t r a t i o n  c o e f f i c i e n t  o r  t h e r m a l  c o n d u c t i v i t y
X  v volumetric filter coefficient, 1/s
pf fluid viscosity, kg/m.s
Pj viscosity of the carrier liquid, kg/m.s
p i mass density of carrier liquid, kg/m3
p f fluid mass density, kg/m3
p f. mass concentration of liquid in the flowing phase, kg/kg
p fP mass concentration of particles in the flowing phase, kg/kg
p p particle grain density, kg/m3
T conversion parameter or specific gravity
<t volume of particle deposited per unit volume of porous medium
a npp mass of particles retained per unit volume of porous medium in the
nonpluggable paths, kg/m3 
crpp mass of particles retained per unit volume porous medium in the pluggable 
paths, kg/m3
cr s1 mass of carrier liquid absorbed per unit volume porous medium, kg/m3
<j sp mass of particles retained per unit volume porous media, kg/m3
<7V the volume of particles deposited per unit volume of the bed
x shear stress, Pa/s
t Tortuosity
t c calculated value of tortuosity
C, a variable
8 rate constant for pore filling particle retention or interfacial tension
5 e effective stress, Pa/s
8 f Damage factor
G phenomenological constant
clean bed porosity
<j> dispersed phase volume fraction
0 contact angle, rad
V gradient
A gradient
Subscripts
0 core inlet, stagnant or initial
bbl barrel
C cake
Cr critical
DR damage ratio
d damaged
e entrainment or effluent
f flowing phase, fluid or frictional
FE flow efficiency
FI undamaged formation flow
Fla damaged formation flow
g gas
hr hour
1 initial or inlet
in Inlet
j compartment index or phase
1 liquid
L length
m matrix, mean and medium
md millidarcy
nd non-Darcy flow
out outlet side
PV pore volume
PVI pore volume injection, permeability variation index
r . retention
s stationary phase, single phase or solid
si straining and interception
sph sphere
T tube, pore
TC thermocouple
Superscripts
* dimensionless
o degree
notation
I feet
" inch
v i i i
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C H A P T E R  O N E
An oil field is a natural accumulation of hydrocarbon in the pores of underground 
rocks, which are called reservoir rocks, or simply reservoir. An oil field may contain 
several separate reservoirs. Hydrocarbons are recovered from the reservoir by means 
of wells drilled from the surface. When an oil reservoir is connected to the surface by 
drilling, some of the oil may be spontaneously produced because of the natural 
pressure that exists in reservoir. The amount of oil produced by the energy of the 
reservoir itself, as well as by pumping of individual wells to assist the natural drive is 
known as primary oil recovery . This natural flow may be supplied by any one or a 
combination of the following mechanisms:
• Dissolved gas drive -  the pressure release upon opening a well allows gas 
dissolved in the crude oil to come out of solution and expand, driving the crude oil 
towards the well. Eventual recovery: 5-25%
• Gas cap drive -  there may be a cap of compressed gas overlying the crude oil 
reservoir, which expands when a well in the reservoir below is opened. Eventual 
recovery: 10-35%
• Aquifer drive -  crude oil reservoirs are often bound at some point by the same or 
similar rock formation carrying water. This water bearing formation, known as an 
aquifer, in most cases comes from the surface where it is supplied by rain water, 
or a river, etc. The hydrostatic head supplied by the aquifer drives oil towards an 
open production well. Eventual recovery: 20-25%
• Expansion of oil, rock, and connate water -  pressures in oil reservoirs can be 
enormous, compressing not only fluids trapped in the formation but the formation 
rock itself. Eventual recovery: 1-5 %
At the end of the primary production period, the recovery factor is low, usually less 
than 25% of the original oil in place. For improving oil recovery various techniques 
are used to maintain reservoir pressure and to sweep the oil towards the production 
wells. Amongst these techniques are water injection, inert gas injection, re-injection
I N T R O D U C T I O N
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of produced gas and methods of enhanced oil recovery. One of the most common 
techniques is water injection. Injection wells are used to inject fresh water, seawater 
or formation water into oil reservoirs in order to maintain reservoir pressure or sweep 
reservoir oil by water. Pressure maintaining operations are generally referred to as 
secondary recovery or water flooding. Tertiary or enhanced recovery procedures 
involve the use of surfactants and a range of other chemicals in order to improve the 
fraction of oil recovered from reservoirs. Polymer solutions and foams are generally 
used for mobility control of secondary and tertiary floods. During secondary and 
enhanced recovery, reductions of permeability have been observed in many 
reservoirs. Several sources are recognized as possibly contributing to this. Most 
important, perhaps is the so-called water sensitivity of many formations, resulting in 
the phenomena of particle movement, clay swelling and dissolution and precipitating 
reactions. Particulate solids may inadvertently be introduced into the porous media by 
drilling damage and/or by injection of recovery fluids. The solid particles found in 
injection may be in the range of molecules forming colloidal solutions (less than 1 
pm) or larger, forming suspensions. Particles moving along the flow path may be 
retained in porous media as a result of various mechanisms such as straining; changes 
in the hydrodynamic forces acting on particles or changes in chemical properties such 
as pH or salinity of media or fluid. Formation permeability can therefore be reduced 
by particle invasion and geochemical transformation due to decreased or plugged pore 
channels, resulting in loss of well injectivity. Injection of water from any source can 
lead to difficulties associated with materials dissolved or suspended in the water. 
Suspended materials that might plug the pores in the formation must be removed by 
filtration. As the temperature rises as the fluid passes down to the reservoir, dissolved 
material can precipitate to form scale in the injection pipe work or on the sand face of 
the reservoir. This precipitation will depend upon how the solubility of the dissolved 
material changes with temperature. Depending on the composition, injected water 
may be incompatible with the reservoir rock. Cation exchange between the injected 
water and clay materials in the reservoir can cause the clays to swell up by adsorption 
of water. This swelling reduces the size of pores and so reduces the permeability of 
the reservoir. Restrictions on the supply of water for injection can often result in a 
need to use water that is incompatible with the reservoir fluids giving a reaction with 
precipitates the inorganic solids that form scale. Heterogeneity in the permeability of
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reservoirs can cause injected water to pass rapidly through a high permeability 
sandstone layer and so result in early break-through of injected water into the 
production zone. After such water break-through, water produced from the rapidly 
swept layers of the reservoir will mix with formation water produced from other 
zones in the production tubing, so creating the potential for scale deposition at any 
point downstream of the mixing zone. Scaling inside pipework is a well-known 
problem, resulting in loss of oil production and the need for expensive treatments. 
Most of the common scale deposits may be removed by a chemical treatment 
however, some are insoluble and even specially developed dissolvers can be 
ineffective. The converging flow patterns around a production well increase the 
likelihood of injected water mixing with reservoir fluids and so increase the risk of 
scale deposition within the reservoir itself. Scale precipitation in the reservoir 
formation has been a subject of controversy for some time. This controversy 
surrounds both reality of deposition within the reservoir itself and whether it can 
cause any measurable damage to reservoir productivity. Certainly if scale were to 
form within the reservoir it would be very difficult to remove, as the reduction in 
permeability it causes would limit the access of any treatment to fouled regions. Thus, 
the only effective action that can be taken against scale formation within the reservoir 
is inhibition. Scale growth inhibitor treatments are already commonly used to control 
fouling in pipework, but there is a great variation of opinion on the extent and 
frequency of treatment. A field example is the offshore Siri field [74] in the southern 
Persian Gulf. The oil in this field comes from a formation called Mishrif; this 
formation is common between Iran and the United Arab Emirates. Water injection 
into the Siri field was started in 1984 with 9100 bbl/day in order to maintain the 
pressure and to increase the oil recovery. But the injectivity decreased rapidly by 1990 
the water injection was only 2200 bbl/day, and subsequently the water injection was 
stopped. The history of water injection in the Siri field is shown in Figl.l with a drop 
in injectivity of approximately 7000. bbl/day over a period of six years. There are two 
factors which play a role in the deposition process during particle movement and 
scaling. These are the characteristics of the porous medium and the physical and 
chemical properties of the injection fluid. The properties of the injection fluid are 
temperature, concentration, and solution chemistry with flow rate as an operational 
variable. The parameters, which are independently investigated in this work are flow 
rate, temperature , concentration and composition.
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Fig. 1.1 Water injection history in Iranian Siri oil field [74]
The aim of this thesis is to present the result of an experimental and theoretical study 
on the mechanisms of formation damage caused by invasion of solid particles and 
scale formation into a porous medium.
In this thesis, Chapter 2 explains the nature of particle movement and scaling and 
their effects on permeability decline, the mechanisms of pore plugging and 
discussions as to what other investigators have achieved related to the aims of this 
work. In Chapter 3 the experimental apparatus and procedures are described. In 
Chapter 4, the porous medium flooding experimental results are presented and 
discussed and the development of the model is described. The model can be used to 
simulate the particle invasion and the scale formation in a porous medium. The results 
obtained from running the model program are presented and compared with 
experimental results. Chapter 5 ends the thesis with the conclusions of this study and 
recommendations for future work.
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C H A P T E R  T W O
2.1 Fundamental Aspects of Flow in Porous Media
A porous medium is a material consisting of a solid matrix with interconnected pores that 
allow a fluid to pass through the material. In the simplest situation the medium is saturated 
with a single fluid (“single fluid flow”)* In “multiphase fluid flow,” several fluids (liquid 
and/or gas) share the open pores. Porous media are classified as unconsolidated and 
consolidated porous media. Beach sand, packed or fixed beds, soil, and gravel are 
unconsolidated porous media. Cloth, most naturally occurring rocks such as sandstone and 
limestone, concrete, bricks; paper and wood are consolidated porous media. The 
macroscopic properties of porous materials, which are important in the study of fluid flow 
through porous media, are defined and discussed in the following sections.
Porosity
The porosity of a porous material is one of its most important properties. It is defined as the 
fraction of the bulk volume of the material occupied by voids. Thus
Vp _ volume of pores 
Vb bulk volume
Specific Surface
The specific surface of a porous medium is defmed as the interstitial surface area of the pores 
per unit of bulk volume. It is obvious that finely structured materials will exhibit a much 
greater specific surface area than will coarse materials. Specific surface plays an important 
role in the design of filter columns, reactor columns and ion exchange columns. It is also an 
important parameter with regard to the permeability of a porous medium. Since specific 
surface is the ratio of area to volume its dimension is L*1. Since the internal surface of any 
natural porous medium is of extreme complexity, the specific surface area can only be 
determined by statistical or indirect means i.e. statistical method, adsorption method and 
methods based on fluid flow.
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P e r m e a b i l i t y
Permeability is that property of a porous material which characterise the ease with which a 
fluid may be made to flow through the material by an applied pressure gradient. The value of 
the permeability is determined by the structure of the material.
The dynamics of fluid flow through a porous medium are a relatively old topic of fluid 
mechanics. It has been experimentally observed and summarised mathematically as Darcy's 
law which states that the area-averaged fluid velocity through a column of porous material is 
directly proportional to the pressure gradient established along the column. This is expressed 
mathematically as follow:
K dp
u (2-2) p dx
where K is an empirical constant, called permeability. Its dimension must be
[K]ra± ± ± - = (length)2 (2.3)
j~dp/dx]
In the presence of a body force per unit volume pgx, Darcy's law becomes
u = -(-V p + pgx) (2.4)
P
and in vector form, the three dimensional generalisation:
u = —(-Vp + pg) (2.5)
ta
Darcy's law is usually considered valid where the Reynolds number defined for a porous 
medium is less than one. The Reynolds number for the system is defined as the ratio of 
inertial forces to viscous forces and in terms of a characteristic length perpendicular to flow. 
Using the concept of hydraulic radius, the Reynolds number for the porous system can be 
defined. The hydraulic radius is defined as the void volume of a porous medium divided by 
the surface area of the medium. Hence its value for a medium of spherical particles is
^ _ void volume of porous medium
h surface area of porous medium Q .6 )
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T h e  s p e c i f i c  s u r f a c e  f o r  s p h e r i c a l  p a r t i c l e s  is
s p
S = T ft  (2.7)
P
where the particle volume is Vp and the surface area of the particles is Sp. Void volume of a 
porous medium is
void volume (volume of particles) (2.8)
1-*
The hydraulic radius can be written in terms of porosity, the number of particles, the volume 
of the particles, and the surface area of a particle in the following way:
4>vpN/(i-4>) v p*
Rh ^ ^ ( H )  (2'9)
A mass balance as in the following equation relates the velocity of approach and the 
interstitial velocity.
UcoAtotP^AvoidP (2.11)
As long as the porosity in terms of the area ratio is the same as the volumetric porosity, we 
write, as an approximation,
. uM= f u  (2.12)
The Reynolds number, which is the ratio of viscous to inertial forces, is written for flow in a 
pipe as
u D p
Re0 = -— ^ (2.13)
ti
If the values for velocity and diameter are substituted by the approach velocity divided by 
porosity and 4Rh, a Reynolds number for the porous medium is obtained as follows
Re = 4RhU«>p =— ?— DpU P^_ (2.14)
ti* 3(1-*) ji
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Usually the numerical constants are dropped and the Reynolds number is defined without 
numerical constants
DpUooP
(215)
In some correlations the porosity term is also dropped.
Pore Size Distribution
The pore size distribution of a porous medium is a measure of the average size of the pores 
and the variability of pore sizes. It is usually determined by mercury Porosimeter. In this 
technique the pressure required to force mercury into a pore can be related to the radius of 
the pore by
2< t c o s 9
Pc = ----------  (2.16)g r
where pc is the capillary pressure, r is the radius of the pore, a is the surface tension of
mercury, and 0 is the contact angle. By measuring the volume of mercury entering into a 
sample as a function of the applied pressure, the pore size distribution of the porous 
medium can be determined from the following equation:
p d ( V 0 - V )
d(r) = ------- (2.17)
r dp
where d(r) is the differential pore radius (m), p is the pressure (Pa) and Vo is the pore 
volume of the sample (m ).
The permeability of a porous medium can be calculated from the pore size distribution 
obtained by mercury injection using
—14 x=l j
K = 1.024xl0 (acosG)2 <|) X J y—tt (2.18)
x=0(pcr
where K is the permeability (m2), or is the surface tension (N/m), X  is the lithology factor, 
x is the fraction of pore space filled, (j) is the porosity, and Pc is the capillary pressure (Pa) 
(Todd, etal., 1984).
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P o r o u s  M e d i a  M o d e l s
There are three main models, which have been proposed for porous media: the sphere 
pack, the bundle of tubes and the capillary network.
The sphere pack was the earliest porous media model. However, its pore geometry is too 
complex to permit an accurate description of flow through the model. In contrast, the 
bundle of tubes model permits the derivation of very simple mathematical equations to 
describe the medium’s flow properties but contains too many simplifications for equations 
to match the properties of real media (Scheidegger, 1974).
The main problem with the bundle of tubes model, which is constructed from a group of 
tubes, is that there is a lack of interconnectivity between different pores and the flow is 
restricted between opposing faces. Flow is thus an-isotropic in the model whereas it is 
isotropic in porous medium (Lake, 1988). The advantages of e.g. the model of Fatt (1956) 
are that the equations describing almost all of the flow properties of the medium can be 
derived with comparatively simple mathematical methods.
The network model is the only computational model in which cross-linked capillaries or 
tubes represent the pores of a porous medium. The crudest model of a network is that of a 
bundle of non-intersecting tubes, each of constant but different cross-sections, 
corresponding to some given pore size distribution. The flow channels are called bonds, 
which represent the pore throats in the porous medium and are only associated with the 
“resistance” of fluid flow in the porous medium. The bonds intersect at points of mixing 
called nodes, which are usually taken to be volumeless. In recent decades, with the 
development of computer technology, network models have been used in many research 
areas. They combine the advantages of bundle tube models and sphere pack models for 
many research purposes.
Fatt (1956) published one of the earliest papers on network modelling and others have 
developed the network models further, including the random network with non-uniform 
pores by Herzig and Greenkom (1970). More recently, Singhal and Somerton (1977), and 
Androutsopoulos and Mann (1979) investigated the properties of pore size distributed 
network models to model the behaviour of porous media in relation to permeability, 
relationship of pore size distribution to the interpretation of capillary pressure and mercury 
Porosimeter data respectively. Singhal and Pandy (1977) used the network approach for
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the quantitative modelling of immiscible displacement in porous media. Lin and Cohen 
(1982) presented a rigid technique by which the structure of a porous medium may be 
reduced to a discrete 3 dimensional network representation of vertices and edges. Todd et 
al. (1984) was the first researcher to use a network of interconnected pores to study 
formation damage. However, their method of random walks to move particles through the 
network was purely diffusional and could not account for an applied flow field. Sahimi and 
Stouffer (1991) developed a network model whereby the porous medium is represented by 
a 2 dimension square network of bonds assumed to be cylindrical capillaries representing 
the pore throats.
2.2 LITERATURE SURVEY ON PARTICLE MOVEMENT AND PLUGGING
2.2.1 Plugging Mechanisms
Depending on the size of the particles and the pore size distribution of the porous medium, 
solid particles can be removed on the surface of the porous medium (filter cake) or inside 
the medium (deep filtration). If the particle size is larger than the pore throat diameter of 
the porous media, then particles will be separated on the face of the porous medium and 
will not deeply penetrate the porous medium. If the particle diameter is very small in 
comparison with pore throat diameters, then the particle will flow in the porous medium 
without causing any change to the fluid paths.
Herzig and Greenkom (1970) define the different mechanisms involved in particle 
filtration and stated that deep filtration is the result of several mechanisms such as the 
contacting of particles with the retention sites, the fixing of particles on sites and the 
breaking away of previously retained particles.
They concluded that the solution consists of relating the clogging rate (the number of 
retained particles per unit time and per unit volume of porous medium) to the various 
factors, which define the system. These factors are:
i. The carrier fluid (flow rate, viscosity, density)
ii. The suspension of particles (concentration, size and shape of particles)
iii. The porous medium (porosity, diameter of pores, size and shape of grains, retention).
1 0
Furtherm ore, the im portant p ro b le m  o f  the p ressu re  d ro p  o f  the f lu id  th ro u g h  th e  b e d  has to
b e  studied as w e ll as its ch a n ges  w ith  c lo g g in g .
H erz ig  and G reen k om  (1 9 7 0 ) d escrib ed  the d if fe re n t e lem en ta ry  m e c h a n is m s  as:
1. R etention  sites:
a ) S urface sites: the particle  stops and is reta ined  o n  the su r fa ce  o f  a  p o r o u s  b e d  grain .
b )  C onstriction  sites: the particle  can n ot penetrate in to  a  p o r e  o f  sm a lle r  s iz e  than its ow n .
c )  C avern  sites: the particle  is retained in  a sh e ltered  area  (sm a ll p o c k e t  fo r m e d  b y  several 
grains).
2. R etention  fo rces :
a ) A x ia l pressure o f  the flu id : the flu id  pressu re  m a y  h o ld  an im m o b il is e d  p a rtic le  against 
the open in g  at a con striction .
b )  Friction  fo rces : a particle  w e d g e d  in  a c r e v ic e  m a y  h a v e  b e e n  s lig h t ly  d e fo r m e d  w h en  
stopped , and m ay  rem ain  in  p la ce  b y  fr ic tion .
c )  Surface fo rce s : in clu d es the van  der W a a ls  fo r c e s , w h ic h  are a lw a y s  attractive , and the 
electrica l fo rce s  w h ich  m a y  b e  either attractive o r  r e p u ls iv e  a c c o r d in g  to  the p h y s ic o ­
ch em ica l con d ition s  o f  the suspension .
d ) C hem ica l fo rce s : in  the case  o f  c o llo id a l p a rtic le s  o r  in  o th er  p a rticu la r  ca se s , actual 
ch em ica l b on d in g  m a y  o ccu r .
3 . Capture processes :
a) Sedim entation : i f  the particles h ave  a d en sity  d if fe re n t  fr o m  that o f  th e  liq u id , th ey  are 
su b jected  to gravity  and their v e lo c ity  n o  lo n g e r  is  that o f  the flu id .
b )  Inertia: o w in g  to  their apparent w e ig h t, the p a rtic les  ca n n o t f o l l o w  th e  sa m e  tra jectories  
as the flu id , they  a lso  dev ia te  fro m  the stream lin es w h e n  the d ir e c t io n  o f  th e  tra jectories 
changes su dden ly  and can  b e  brou ght in to  co n ta c t  w ith  th e  b e d  gra in s .
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c )  H y d rod y n a m ic  e ffe c ts : th e  u n ifo rm  sh ea r f ie ld  a n d  th e  n on -sp h eric ity  o f  particles cause 
a  lateral m igration  o f  su sp en d ed  p a rtic le s  w h ic h  m a y  b e  b rou gh t into retention sites in 
this w ay .
d )  D irect in terception : e v e n  w ith  e x a c t ly  th e  sa m e  d e n s ity  as the flu id , the particles w ou ld  
n o t  b e  able, o w in g  to  th eir s ize , t o  f o l l o w  th e  sm a lle s t  tortousities o f  the stream  lines o f  
the carrier flu id  and  th e y  w i l l  thus c o l l id e  w ith  th e  w a lls  o f  the con v erg en t areas o f  the 
pores.
e )  D iffu s io n  b y  B row n ia n  m o t io n : sm a ll p a r t ic le s  w i l l  d iffu se  and so  reach  areas w h ich  
are not n orm ally  irrigated  b y  the s u sp e n s io n , b e  reta ined .
S e le m e cz i (1 9 7 1 ) d e fin es  th e  v a riou s  fo r c e s , w h ic h  con tr ib u te  to  the capture and retention 
o f  suspended  particles in  d e e p  b e d  filtra tion  as:
1. C apture p rocesses :
a) S creen in g : w h en  tw o  o r  m o re  p a r tic le s  a rr iv e  at a  restriction  sim ultaneously , their 
co m b in e d  diam eter and  orien ta tion  are im p o rta n t fa ctors  in  the capture m echanism . 
E very  particle that is  ca u g h t in  a  re s tr ic t io n  w i l l  further red u ce  the passagew ay, w h ich  
in  turn w ill result in  the scre e n in g  o f  p r o g r e s s iv e ly  sm aller particles. T h is  cou ld  lead  to 
the change fro m  in -d ep th  to  ca k e  filtra tion .
b )  S edim entation : su sp en d ed  p a rtic les  are s u b je c t  to  gravita tion a l fo rce s  and tend to settle 
ou t o f  the flu id  at a  v e lo c i ty  that ca n  b e  c a lc u la te d  b y  S to k e ’ s law .
2 . R eten tion  fo rces :
A  particle  m ak in g  s im u lta n eou s co n ta c t  w ith  t w o  o r  m o re  filter grains m ay b e co m e  
w e d g e d  in  this p os it ion . H o w e v e r , it h a s  to  m a k e  co n ta c t  w ith  su ffic ien t energy  to  b e  
d e fo rm ed  and thus b e  reta in ed  b y  th e  f i lte r  m e d iu m . S im ilarly , ran dom  m otion  o f  
su spended  particles w ith in  th e  tortu ou s p a th s  b e tw e e n  the grains o f  the filter w ill cause 
d irect con tact b e tw een  the p a rtic les . F lo c c u la t io n  a n d  a g g lom era tion  o f  the suspended 
particles  m a y  in crease  p a rtic le  s iz e  to  th e  p o in t  w h e re  sed im entation  and screen in g  
m ech an ism s b e c o m e  s ig n ifica n t. A  p a r t ic le  h e ld  a g a in st o n ly  tw o  grains m ay  b e  con sid ered  
to  b e  in  a v ery  d e lica te  b a la n ce  an d  thus in  a  te m p o ra ry  lo ca t io n  o n ly . S e lem ecz i (1 9 7 1 ) 
co n c lu d e d  that the ra n d om  m o v e m e n t  o f  s u s p e n d e d  p a rtic les  in  a tortuous f lo w  path is
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m a in ly  resp on s ib le  fo r  tra n sp ortin g  th e  p a r tic le s  e ither d irectly  to  the grains or  c lo s e  
e n o u g h  to  the gra in  su rfa ce  f o r  o th e r  f o r c e s  to  b e c o m e  e ffe c tiv e .
S p e ilm a n  (1 9 7 7 )  stu d ied  th e  ca p tu re  o n  a  c o l le c t o r  o f  sm all particles su spended  in  flu ids in 
lam in ar f lo w s . T h is  cap tu re  is  ch a ra cte r ised  b y  th e  sim ultaneous action  o f  fo r ce s  o f  flu id  
m e ch a n ica l and s o lid  in te ra ction s . T h e  c o m b in e d  fo r c e s  g ov ern  the p article  tra jectories, 
w h ic h  in  turn determ in e w h e th e r  a  p a rtic le  w il l  b e  transported  to  and retained at the surface 
o f  a  c o lle c to r  that is  f ix e d  in  th e  f l o w .  T h e  ca p tu re  m ech a n ism s w ere  d e fin ed  a ccord in g  to 
the c la ss ica l th eory  as ou tlin e d  a b o v e  to g e th e r  w ith  s o m e  m o d e m  insights.
R e ce n t  d ev e lop m en ts  re la tin g  to  th e  cap tu re  m e ch a n ism s  fo r  liq u id  system s are as fo l lo w s :
T h e  c la ss ica l analysis  fo r  ca p tu re  b y  in te rce p t io n  a ssu m es that the centre o f  a sm all particle 
fo l lo w s  an undisturbed  f lu id  s trea m lin e  n ear a la rg er  c o lle c to r  ex a ctly  until con tact occu rs  
and ad h esion  retains the p a rtic le . H o w e v e r , p a rtic le s  in  c lo s e  p rox im ity  to  a  co lle c to r  m ust 
n ecessa r ily  d ev ia te  fr o m  th e  u n d istu rb ed  stream lin e . T h is is becau se  the continuum  
d escr ip tion  o f  flu id  m o t io n , w ith  n o  s lip  at b o th  the c o lle c to r  and particle  su rface , p rod u ces 
in fin ites im a lly  s lo w  d ra in age  o f  f lu id  fr o m  the g a p  b e tw een  them  as they  approach  under a 
fin ite  fo r ce . W ith  the a ssu m p tio n  that the f lu id  is  a v is co u s  con tin u u m , the anom alous 
c o n c lu s io n  is reach ed  that c o n ta c t  ca n n o t o c c u r . T h is  a n om aly  d isappears, h ow ev er , ow in g  
to  the a ction  o f  attractive v a n  d e r  W a a ls  fo r c e s  that in crease v ery  rap id ly  as the particles 
a p p roa ch  the co lle c to r , an d  b e c o m e  stron g  e n o u g h  to  o v e r co m e  the otherw ise s lo w  
dra inage.
D a v id so n  (1 9 7 9 ) d is cu sse d  the p en etra tion  m ech a n ism  and ga ve  so m e  rem arks o n  the 
con stan t in je c t ion  f l o w  rate an d  th e  con sta n t in je c t io n  pressure cases. H e stated that the rate 
o f  ob stru ction  and  d ep th  o f  p en e tra tion  are d e te rm in e d  b y  the fo rce s  acting  o n  the particle 
as it m o v e s  th rou gh  th e  r o c k . S u r fa ce  and  gravita tion a l fo rce s  cau se  particles to  b e  
separated  fr o m  the flu id  an d  d e p o s ite d  in  p o r e s , thus in creasing the resistance to  flo w . 
F o rce s  generated  b y  the f lu id  v e lo c i t y  in  the p o r e  ca n  retard the d e p os ition  p rocess . T w o  
p o ss ib ilit ie s  ex ist w ith  re sp e c t  to  th e  fin a l ch a n g e  in  p o re  d im ensions.
a ) A n  eq u ilib riu m  state is  r e a ch e d  w ith  n o  n e t  d ep os ition . A lth ou g h  the initial flu id  
v e lo c ity  m a y  n o t b e  la rg e  e n o u g h  to  p rev en t d e p o s it io n , the n arrow ing  o f  p ores  co u ld  
ca u se  the flu id  v e lo c i t y  t o  in cre a se  to  th e  le v e l  at w h ich  an equ ilib riu m  state can  
d e v e lo p .
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b )  D e p o s it io n  con tin u es  u ntil the p o r e  is n a rrow ed  to  tw o  o r  three p artic le  d iam eters, at 
w h ic h  tim e the p o re  ca n  b e  b r id g e d  and internal filter cakes b eg in  to  fo rm .
T h e  fin a l stage o f  p o re  p lu g g in g  is  rela ted  n o t  o n ly  to  the initial flu id  v e lo c ity  and re la tive  
p a r tic le /p o re  s ize , but a lso  to  ch a n g e s  in  flu id  v e lo c ity  w ith  dep osition , w h ich  in  a  c o re  test 
is  c o n tr o lle d  b y  con stra in s o f  con stan t f l o w  rate o r  pressure drop.
D a v id s o n  (1 9 7 9 )  c o n c lu d e d  that f o r  the in je c t io n  at constant rate, particles that are filtered  
ou t re d u ce  the c r o s s -s e c t io n  o f  p o re s , bu t du e to  the m aintenance o f  f l o w  rate, the flu id  
v e lo c i t y  in  the p o re s  in crea ses . T h e  op p ortu n ity  to  fo rm  a n on -reta in in g  b e d  h e n ce  
in crea ses  w ith  d e p o s it io n . H o w e v e r , in  the r o c k  form ation s  the en orm ou s v e lo c i ty  contrasts 
p r o d u c e d  b y  a real sp rea d in g  o f  f lu id  ensures that there w ill b e  som e radial lo ca t io n  w h ere  
in su ffic ie n t  v e lo c ity  ex is ts  to  p reven t p o re  b rid g in g . B ut in  the case  o f  con stan t pressure 
d ro p , the ob stru ction  ob ta in ed  b y  the d ep os itin g  so lid s  reduces the f l o w  rate and thus the 
p o re  v e lo c ity . Internal p o re  b r id g in g  w ill  o c c u r  u nless the initial v e lo c ity  at the start o f  the 
test is  h ig h  en o u g h  to  p rev en t p artic le  d e p o s it io n  fro m  the beginn ing.
T a n g  (1 9 8 9 )  ex p la in ed  the e f fe c t  o f  free , em u ls ified  and d isso lv ed  o il  o n  the b lo c k in g  
m e ch a n ism s  w ith in  the r o c k  m atrix  as fo l lo w s  (F ig . 2 .1 ):
Fig. 2.1 Emulsion blockage mechanism
W a ter  fr o m  a free  w ater k n o c k  ou t tank con ta in s fre e  o il , em u lsified  o il  and  d is s o lv e d  o il . 
F ree  o i l  w il l  ca u se  a  r e d u ctio n  in  p erm ea b ility  re lative to  water. E m u ls ified  o il ,  ex is t in g  as 
1 to  15 p m  o il  d rop le ts , ca n  s e a l - o f f  p o re  throats i f  the sizes  o f  the throats a lso  fa ll in to  that 
ran ge. T h is  e m u ls io n  b lo c k in g  e f fe c t  is  u su a lly  m ore  serious than the re d u ctio n  in  re la tive
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p erm ea b ility  fro m  free  o il . O n c e  trapped  in  the p o re , these o il  d rop le ts  ca n  o n ly  b e  
m o b ilis e d  b y  a  huge pressu re  d ro p  d e scr ib e d  b y  the fo l lo w in g  equ ation :
w h ere
A P
a
R i
R 2
A p =  2 x 1 0  6 a
J___
R i R 2
(2 .1 9 )
pressure d ro p  (P a ) 
is  the in terfa cia l ten sion  (N /m ) 
is  the lea d in g  radius o f  d rop  (p m ) 
is the tra ilin g  radius o f  d rop  (p m )
D is s o lv e d  o il  passes th rou gh  the c o re  read ily  w ith ou t any p lu g g in g . F ree  o il  ca n  b e  
e m u ls ifie d  at h igh  shear rates w h ile  em u ls ified  o il  ca n  co a le s ce s  to  fo r m  fre e  o il  w h e n  the 
shear rate is  red u ced  to  z e ro  o r  in  the p resen ce  o f  em u ls ion  breakers. O il ca n  a lso  
agg lom era te  w ith  su sp en d ed  in o rg a n ic  so lid s  present in  the p rod u ced  w ater, fo rm in g  large 
g lo b u le s , w h ich  can  p lu g  the in let fa ce .
2.2.2 Experimental study of permeability reduction due to particle movement
D o n a ld s o n  et al. (1 9 7 7 )  tested  partic le  transport w ith in  B erea  N o x ie  and  C lev e la n d  
sandstone h av in g  m ean  p o re  s ize s  o f  10, 15, and 3 0  p m , resp ective ly  b y  in je c t io n  o f  1%  
aqu eou s brin e  su spen sion s o f  grou n d  quartz sand p articles  h avin g  m ean  p a rtic le  s ize s  o f  4 , 
6  and  7  p m . T h e y  co n c lu d e d  that p artic les  in itia lly  are passin g  through  the la rger o p e n in g s  
in  the co re , i.e . the o n e s  w ith  the largest f lo w . G radu ally  the particles  are s to p p e d  b y  the 
irregu larities w ith in  the p o re s  b y  a  com b in a tion  o f  the e ffe c ts  o f  grav itational 
sed im entation , d irect in tercep tion  and  su rface  attraction . T h e largest p a rtic les  ap p ear to  b e  
r e m o v e d  q u ick ly . E ven  w ith  th is e ff ic ie n t  rem ov a l o f  large particles the pressu re  d o e s  n ot 
in crease  s ig n ifica n tly  until a  la rge  v o lu m e  (severa l p ore  v o lu m e s ) o f  su sp e n s io n  has 
p assed . S in ce  a  ca k e  is  bu ilt u p  o n  the surface o f  the co re  du rin g  the e x p e r im e n t it is 
p o ss ib le  that the in crease  o n  p ressu re  d rop  is due to  the cake rather than p lu g g in g  o f  the 
p ores . T h ere  are a  n u m b er  o f  p o in ts  o n  a  pressure p ro fi le  w h ere  the p ressu re  d ecrea ses  
s ig n ifica n tly . A lo n g  w ith  th is d ecrea se  in  pressure there is an in crease  in  the n u m b er  o f  
e fflu en t particles. I f  p a rtic les  in  o n e  o r  m ore  o f  the p ores  d is lo d g e  s im u lta n eou s ly , th is
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results in  a  greater o p e n  area  in  the co r e  and  con seq u en tly  a  pressure drop . W h e n  
D o n a ld s o n  et al. (1 9 7 7 )  rea ssem b led  severa l o f  the c o r e s  that had  the ca k e  rem ov ed  fro m  
their su rfa ce  in to  the c o r e  h o ld e r  and  p u m p ed  1%  b rin e  so lu tion  through  ea ch  co re  at the 
sam e rate as b e fo re , the resu ltin g  p ressu re  d e cre a se d  dram atica lly , a lm ost to  the p o in t at 
w h ic h  the c o r e  had o r ig in a lly  b e e n  su b je cted  at th e  beg in n in g  o f  the experim ent. T h e  
p o ro s ity  o f  the co re s  w a s  c h e c k e d  an d  there w a s  a lm o s t  n o  ch ange. T h is  su ggested  that the 
co re  it s e l f  b e  partia lly  p lu g g e d , b u t that it w a s  the ca k e  m aterial fo rm e d  at the fa ce  o f  the 
co r e  w h ic h  restricted  the f l o w  o f  the slurry. C lea n in g  the su rface  o f  the co re  and rem ov in g  
the ca k e  fo rm e d  can  restore  th e  slu rry  f l o w  th rou gh  the co re .
G ru e sb e ck  and C o llin s  (1 9 8 2 ) , in  their study o f  p artic le  entrainm ent and re -d ep osition , 
stated that there w a s  a  cr it ica l v e lo c i ty  o r  f l o w  rate b e lo w  w h ich  entrainm ent o f  fin es d id  
n ot o c c u r  and a b o v e  w h ic h  the rate o f  entra inm ent in creases linearly  w ith  f lo w  rate. In 
syn th etic  system  ex p erim en ts , h e  u sed  a  2 %  K C 1 so lu tion  as the carrier flu id  w ith  a 
su sp en s ion  o f  ca lc iu m  su lphate p a rtic les  h a v in g  a  m ean  d iam eter o f  0 .8  pm . P acked  
c o lu m n s  o f  u n con so lid a ted  sand  h a v in g  gra in  s ize  ran g in g  from  84 0  to  2 0 0 0  p m  w ere  used  
as the b e d  m ed iu m .
G ru e sb e ck  and C o llin s  (1 9 8 2 )  c o n c lu d e d  that as the sm aller pathw ays are b lo ck e d , f l o w  is 
d iv erted  to  larger p a th w a ys and  m o re  fin e  p a rtic les  reach  the e fflu ent, but eventually  the 
pressu re  d ifferen tia l a cro ss  the co lu m n , and h e n ce  o v e r  any b lo ck e d  pathw ays, is so  great 
that s o m e  p lu g s  are b ro k e n . T h is  resu lts in  a  spurt o f  fines in  the e fflu en t, but the n e w  
d e p o s its  g ro w . In the fin e r  san d , w ith  m ean  d iam eters  o f  177 to  2 1 0  p m , the deposits  tend 
to  con cen tra te  near the in let en d  o f  th e  c o lu m n  and the m ean  p erm eab ility  o f  the co lu m n  
ten ds to  g o  to  zero . In  the co a rse r  sand , w ith  m ea n  d iam eter o f  2 5 0  to  2 9 7  p m  o n  the oth er 
hand , d ep os its  tend  to  b e  m o r e  u n ifo rm  and eq u ilib r iu m  p erm eability  is a ch ieved . In  the 
co a rse r  sand there are m a n y  n o n -p lu g g in g  p a th w a y s  but in  the fin er  sand nearly  all 
p a th w a ys are p lu g g e d . G e n e ra lly  G ru e sb e ck  an d  C o llin s  (1 9 8 2 ) ob serv ed  that m ore  
d e p o s it io n  resu lts ( f o r  a  g iv e n  p o re  v o lu m e  th rou gh p u t) under constant pressure con d ition s  
than fo r  constant rate c o n d it io n s .
T o d d  et al. (1 9 7 9 )  g a v e  an  e x a m p le  o f  h o w  sea  w ater flo o d in g , h av in g  particle  
con cen tra tion  o f  1 p p m  an d  p a rtic le  s ize  b e lo w  2 0  p m , s ign ifica n tly  redu ces the 
p erm ea b ility  o f  v e ry  h ig h  p e rm e a b ility  (2  D a rcy )  N orth  S ea  sandstone co re s .
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S co tt (1 9 8 4 )  e x p e r im e n ta lly  tested  the e f fe c t  o f  w ater quality  o n  perm eability  dam age  b y  
u s in g  tw o  sa n d ston e  c o r e s  h a v in g  d iffe re n t characteristics. H e  stated that fo r  an in je ct ion  
w e ll w ith  an  in je c t io n  rate o f  2 0 ,0 0 0  b b l/d a y  o v e r  an 1 0 0 ' interval and a T  w e ll b ore , 109 
b b l/d a y  p a sses  th rou g h  e a c h  squ are  f o o t  o f  the w e ll b o re  surface. I f  the in jection  w e ll is  n ot 
an o p e n  h o le  b u t c a s e d  an d  p e r fo ra te d , then  the rate per  square fo o t  is ev en  h igher. 
A s s u m in g  4  sh ots  p e r  f o o t  w ith  a  p e r fo ra tio n  depth  o f  8 " and diam eter o f  V  g iv es  2 7 8  
b b l/d a y  p e r  squ are  fo o t .  In  o rd e r  f o r  th is qu ality  o f  w ater to  b e  in jected  day a fter d ay , the 
w ater m u st b e  c le a n  e n o u g h  to  p re v e n t ra p id  b lo ck in g  o f  the p ore  w ith in  the ro ck  m atrix , 
and  h e n ce  a rap id  d e c lin e  in  the w a ter  in je c t io n  ca p ab ility  at a particular pressure. S co tt 
(1 9 8 4 )  u se d  1" d ia m eter  c o r e s . T h e  flu id  w a s  a su spension  o f  a lu m in iu m -ox ide  p o w d e r  (3 -  
5 p m  p a rtic le s ) in  d is t illed  w a ter  at a  f l o w  rate o f  1.8 c m  /s e c . S o lid s  concentration  o f  1 
an d  5 p p m  w e re  u sed . T h e  o r ig in a l liq u id  p erm eab ility  o f  N e w b ig g in  sandstone w as 1304  
m d  c o m p a re d  to  3 1 9  m d  fo r  th e  C la sh a ch  sandstone. T h e results sh ow ed  that:
a ) F o r  a  p a rtic le  c o n ce n tra t io n  o f  5 p p m , the N e w b ig g in  co re  reached a lim iting  p o ss ib le  
in je c t io n  pressu re  a fter o n ly  1 7 .6  hr, w h ile  the C lash ach  co re  to o k  24  hr. T h is  served  to  
in d ica te  that p e rm e a b ility  a lo n e  w a s  n ot a g o o d  gu ide  to estim ate the e ffe c t  o f  
su sp en d ed  s o lid s  o n  p e rm e a b ility  red u ction . E xam ination  o f  the capillary  pressure 
cu rv e s  fo r  b o th  r o c k  ty p e s  s h o w e d  the N e w b ig g in  co re  to have a greater spread o v e r  
the ran ge  o f  p o re  s iz e s . T h e  C la sh a ch  co r e  had the m ajority  o f  its pores con centrated  in 
a  v e r y  n a rro w  b a n d  o f  p o r e  d iam eters . T h e  m ed iu m  p ore  s ize  fo r  the C lashach  co re  w as
2 2 .5  p m  as o p p o s e d  to  18 p m  fo r  the N e w b ig g in  co re . T h e C lashach  co re  had 7 7 %  o f  
its p o re s  w ith  d ia m eter  greater than 15 p m  w h ile  the N e w b ig g in  core  had o n ly  5 8 .5 %  
greater than th is d iam eter.
b )  W ith  a  p a rtic le  c o n ce n tra t io n  o f  1 p p m , in itia lly  the results w ere sim ilar to  the in ject ion  
pressu re  co n tin u in g  to  r ise  b u t a lo t  m ore  s lo w ly . H o w e v e r  a m axim u m  pressure 
a p p eared  to  b e  re a ch e d  a fter  a p p rox im a te ly  55 hrs and after this tim e the pressure rose  
and  fe l l  p e r io d ic a lly  bu t n e v e r  reg a in ed  th is m ax im u m  value. T his p h en om en on  
a p p eared  to  b e  s im ila r  to  the “ p a rtic le  breakthrough”  ob served  b y  D on a ldson  and B aker 
(1 9 7 7 ) . P a rtic les  in  a ll s iz e  ran ges sh o w e d  sign ifican t retention. A nother im portant 
p o in t  that h e  m e n tio n e d  is  that i f  su bsequ ent lp p m  experim ents sh ow  n o  signs o f  
ex tern a l filte r  ca k e  b u ild -u p , it th en  b e co m e s  im portant to d iscov er  the depth  o f  
im p a irm en t s o  as to  h a v e  a  d a m a g e  z o n e  th ickn ess fo r  use in  in jectiv ity  com putatipn .
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T h is  p o in ts  tow ard s  lon g er  co re s  and co re  h olders . I f  an external ca k e  is fo rm e d , lo n g  
co re s  are u n n ecessary  as the filter cak e  con tro ls  the in jection  pressu re , the e f fe c t  o f  
internal p lu g g in g  b e in g  n e g lig ib le  in  com p a rison .
E rshagh i et al. (1 9 8 6 )  stu d ied  the in jectiv ity  lo ss  du e to  the in je c t ion  o f  d iffe ren t p a rtic le  
s iz e  su sp en sion s . C u b ica l b lo c k s  w ere  u sed  w ith  a  0 .2 5 " h o le  d rilled  at the cen tre  o f  ea ch  
b lo c k  resem b lin g  the in je c t io n  w e ll. Particle su spension s at a con cen tra tion  o f  2 5 0  m g/1 
w e re  p rep ared  u sin g  g raded  dust con sistin g  o f  s ilica  alum ina and iron  o x id e  (three g rou p s 
o f  s iz e s  0 -3 , 0 -5  and 0 -1 0  p m ) suspended  in  0 .2  p m  filtered  2 %  KC1 so lu tion . A fte r  
an a ly s in g  the results, they  co n c lu d e d  that:
a ) F o r  the lo w  p erm ea b ility  sandstone b lo ck s , the greatest red u ction  o f  in je c t iv ity  in d ex  
o c cu rs  during  the f l o w  o f  0 -3  p m  particle  s ize  suspensions. T h e  m e d iu m  s ize  p a rtic les
0 -5  p m  s h o w  a  sim ilar initial rapid drop  but h igh er values o f  in je c t iv ity  are reta ined  at 
co m p a ra b le  in je ct ion  tim es. T h e results fo r  large s ize  (0 -1 0  p m ) p artic le  su sp en s ion s  
s h o w  an ov era ll s lo w e r  red u ction  o f  in jectiv ity  in d ex  w ith  tim e. S in ce  the m ea n  p o re  
s iz e  o f  lo w  p erm ea b ility  co re s  is about 18 p m , ind ication s are that the su sp en s ion s  w ith  
a  p a rtic le  s ize  range o f  0 -3  p m  penetrate the r o ck  and result in  substantial p erm ea b ility  
lo sses . T h e  large s ize  particles seem  to  b e  filtered  out at the input fa ce  ca u s in g  a 
gradual lo s s  o f  in jectiv ity . T h e  nature o f  the cak e  bu ild -ups can  b e  ch aracterised  b y  a 
con tin u o u s  f lo w  o f  a flu id .
b )  W ith  m ed iu m  p erm ea b ility  co res , sm all s ized  particles o f  0 -3  p m  m an age  to  travel 
th rou gh  the system  and the overa ll in jectiv ity  loss  is m u ch  less severe  than o b s e rv e d  in  
lo w  p erm ea b ility  co re s . T h e  m ed iu m  size  particles seem  to get trapped  in  the system  
and th ey  s h o w  the w ors t p erform a n ce . T h e  large s ize  particles in itia lly  s h o w  e v id e n c e  
o f  f in e  in v a s ion  and later on , becau se  o f  ca k e  bu ild -u p , the in ject iv ity  lo s s  rea ch es  a 
p la teau  o f  abou t 50%  o f  the initial.
c )  M o v in g  to  larger p o re  s izes , fo r  h igh  p erm eab ility  cores  w h ere  a  m ea n  p o re  s ize  o f  18 
p m  w a s  m easu red , sm all and m ed iu m  particles seem  to  b e  ab le  to  in va d e  the sy stem  
ca u s in g  in -situ  p erm ea b ility  reduction .
d ) I f  filters  o n  the in je c ted  flu id  are used  b e fo re  the in jectiv ity  ratios h a v e  rea ch ed  a  lo w  
p la teau  va lu e ; the p la cem en t o f  filters exten ds the in jectiv ity  h a lf-life . A fte r  the r o ck s
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h a v e  ex p erien ced  their lo w  plateau  in jectiv ity  ratio , the filter  p la ce m e n t  h as o n ly  m in o r  
im p rovem en t e ffe ct . T h ey  can , h o w e v e r , p reven t further d eg ra d a tion  o f  in je c t iv ity  
ratio .
V e tte r  et al. (1 9 8 7 ) exam ined  the fa ctors  a ffe ct in g  p article  in v a s ion  an d  th e  re la ted  d e g re e  
o f  d a m a g e . T h e y  used  a scann ing e lectron ic  m ic r o s c o p e  (S E M ) te ch n iq u e  t o  d e te rm in e  the 
p a rtic le  con cen tra tion  distribution  fo r  the c o r e  in  w h ich  0 .05  p m  p a rtic le s  in  su s p e n s io n  
w e r e  in jected . T h is d istribution  w as represented b y  the ratio o f  c h r o m iu m  (p a r t ic le s ) to  
s i l ic o n  (c o r e  m aterial) con cen tration . O n e  ob serva tion  is  that the s u b m ic r o n  p a r tic le s  
en tered  substantial depths and g o t trapped at variou s lo ca tion s  in  th e  c o r e . H o w e v e r , the 
con ce n tra tio n  o f  the trapped particles decreased  rap id ly  w ith  depth . T h e y  c o n c lu d e d  that:
a ) A b o v e  120 pore  v o lu m e  o f  in jection , b o th  1 p m  and 7 p m  p a rtic les  p r a c t ic a lly  p lu g g e d  
the co re s , w hereas 0 .05  p m  particles cau sed  the p erm ea b ility  to  d ro p  b y  a b o u t 6 0 % . 
T h e  b r id g in g  p h en om en on  is m ore  ev iden t fo r  0 .0 5  p m  partic les . F o r  th e  7  p m  p a rt ic le s  
there d o e s  n ot seem  to  b e  any b rid g in g  p h en om en on , thus in d ica tin g  that the d e c re a s e  
in  p erm eab ility  b y  large particle is m ain ly  du e to  ca k e  b u ild -u p .
b )  F o r  0 .0 5  p m  ch rom iu m  o x id e  particles, it is n ot ev iden t w h eth er the f l o w  rate h as a n y  
d irect  relation  w ith  perm eability  im pairm ent; o n ly  the lo w e r  in je c t io n  rates s e e m  to  
d a m a g e  the co re  m u ch  m ore  rap id ly . In general fo r  su b m icron  p a rtic le s , the h ig h e r  th e  
f l o w  rate, the less severe  is the dam age to  the co re  p lug.
c )  T h e  in je ct ion  o f  suspensions con ta in in g  2 5 0  m g/1 and 5 0 0  m g/1 o f  le s s  th an  0 .0 5  p m  
c e r iu m -o x id e  particles caused  a  rapid red u ction  in  p erm eab ility  to  5 0 %  a fter 4 0  p o re  
v o lu m e s . O n  the other hand, w ith  a con cen tra tion  o f  90  m g/1 o f  th e  sa m e  p a rtic le  
su sp en sion , the perm eability  decreases b y  o n ly  1 0 % .
P au tz  and  C rock er  (1 9 8 9 ) con d u cted  a study to  evaluate the 1 /3  -  1 /7  p lu g g in g  ra tio  
(p a rtic le  d iam eter /  p ore  d iam eter) rule b y  usin g  synthetic, C o tta g e  G r o v e  a n d  B e re a  
sa n d ston e  co res . W h en  an external filter ca k e  is fo rm ed , the p erm ea b ility  w i l l  b e  c o n tr o lle d  
b y  th e  p erm eab ility  o f  the filter cake. A s  pressure is in creased , p e rm e a b ility  w i l l  b e  
r e d u ce d  b eca u se  the filter cake com p resses . F or  b r id g in g  p a rtic les , as th e  p ressu re  is  
in cre a se d , so m e  o f  the b rid ges can  break  and result in  in creasing  p e rm e a b ility . A s  p a r tic le  
s iz e  is  red u ced  further relative to the p ore  d iam eter particles are e x p e c te d  t o  in v a d e  th e
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m e d ia  c o m p le te ly  and c o l le c t  o n ly  in  dead  en ds o r  at lo w  poin ts in  the f l o w  ch ann els. 1 .3 ,
2 .5  an d  5 .4  p m  la tex  b e a d  su sp en s ion s  at a  con cen tra tion  o f  25  pp m , a  con stan t in je c t ion  
rate o f  l c m 3/m in  and v a r iou s  in je c t io n  pressures in vad ed  the co res  u sed  in  these tests. 
P autz an d  C ro ck e r  (1 9 8 9 )  c o n c lu d e d  that the 1/3 ratio tests resulted in  7 5 %  red u ction  in  
p erm ea b ility . P erm ea b ility  red u ction  at the 1/5  ratio appears to  reach  an eq u ilib r iu m  that is 
co n s is te n t  w ith  a  su cce ss fu l w ater f lo o d  operation . T h e  1/9  ratio co re  f lo o d s  ex h ib ited  
little  p erm ea b ility  red u ction . S in ce  angular and m u lti-s id ed  invading p a rtic les  w o u ld  d o  
m o re  d a m a g e  than the 2 .5  p m  la tex  bead s u sed  in  these experim ents, the a p p lica tion  o f  the 
1 /5  o r  1 /7  ratio  ru le  has s o m e  risk.
A r ic a  et al. (1 9 9 2 )  u sed  fo rm a tio n  sandstone co re s  fro m  C euto (V e n e zu e la ) to  study the 
p ressu re  d ro p  and  a sso c ia te d  partic le  p rod u ction  due to  particle in jection . T h e  co re s  w ith  
m ea n  p o re  s iz e  o f  1 1 p m  h a v e  a p erm eab ility  o f  25  to  1000 m d. T hese  c o re s  w e re  in vad ed  
b y  qu artz  p a rtic les  (7  p m  m ea n  d iam eter) su spen ded  in  a 2 %  N a C l so lu tion . F or all the 
c o r e s , the d iffe ren tia l pressu re  con tin u ou sly  in creased  w ith  p ore  v o lu m e  in jected , 
su g g e stin g  p lu g g in g  d u e  to  a p article  retention  e ffe c t . T he pu lsing characteristic  o f  the 
d iffe ren tia l pressure data is  an in d ica tion  o f  the o cca s io n a l breaking o f  the p article  bridges. 
F o r  th e  sam e rea son , there is a p u lsa tion  ob serv ed  in  the cum ulative p article  p rod u ction  
data. T h e  rate o f  p a rtic le  p ro d u ct io n  is in itia lly  h igh  and decreases gradually .
v an  V e lz e n  et al. (1 9 9 2 )  stu d ied  the e ffe c t  o f  particle  suspension  f l o w  v e lo c it ie s  o n  
in je c t iv ity  im pairm en t. L a tex  particles w ere  u sed  w ith  a particle to p ore  s ize  ratio o f  0 .0 8  
to  0 .3 7  and a con cen tra tion  o f  1.7 to  2.1 p p m  flo w in g  through B entheim er sandstone co res . 
T h e  resu lts  sh o w e d  that the rate o f  im pairm ent d ecreases  w ith  increasing f l o w  v e lo c ity  and 
is  v e r y  sen s it iv e  to  v e lo c i ty  ch a n ges  at lo w  lev e ls . T h e  e ffectiv e  h a lf-life  o f  an in je cto r  is 
co n s id e ra b ly  lo n g e r  at the h ig h er  in je ct io n  rates. F or  in flo w  v e lo c itie s  a b o v e  10 cm /m in , 
the g e n e ra lly  a cce p te d  “ 1 /3 -1 /7 ”  g iv in g  the p article  /  pore  s ize  ratio fo r  internal ca k e  
fo rm a tio n  is c o n firm e d . S m a ller  partic les  seem  to  contribute m ore  to  fo rm a tion  dam age at 
l o w  in f lo w  v e lo c ity  (< 2  cm /m in ).
K h a tib  (1 9 9 4 )  stu d ied  the e f fe c t  o f  filte r -ca k e  properties  on  its perm eability  and b eg a n  the 
s tu d y  w ith  the im portan t r o le  o f  the filter cake. H e  stated that the e f fe c t  o f  penetrated 
p a rtic le s  o n  fo rm a tio n  p erm ea b ility  m igh t b e  d om inan t o n ly  at the early  stages o f  in ject ion . 
O n c e  the ca k e  is es ta b lish ed  and reach es a characteristic th ickness, th ese  e ffe c ts  are 
g e n e ra lly  n e g lig ib le  c o m p a re d  to  th ose  o f  filter ca k e  properties. H e u sed  B arite  p articles
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(a v era g e  partic le  s ize  o f  5 p m  at a  con cen tra tion  o f  79  p p m ) su spended  in  b u ffe r e d  2 %  K C 1 
b rin e . W h ile  the su sp en sion  w a s  b e in g  stirred, a  k n ow n  v o lu m e  w as tran sferred  to  the c e ll  
and another to  a  filter fo r  d eterm in in g  the so lid s  con cen tration . T h e  su sp en s ion  w a s  then  
c o m p re sse d  to  variou s ca k e  th ick n esses  and the cak e  th ickn ess w a s  m ea su red . A t  e a ch  
stage o f  co m p re ss io n  2 %  K C 1 brin e  w a s  in je cted  to  the ce ll at con stan t rate to  d eterm in e 
the average  p erm ea b ility  o f  the ca k e . T h e  total p oros ity  w a s  ca lcu la te d  fr o m  the 
m easu rem en t o f  the ca k e  th ick n ess  and s o lid  con cen tration . K hatib  (1 9 9 4 )  c o n c lu d e d  that:
a ) In itia lly  the perm eab ility  w a s  red u ced  b y  abou t 3 orders o f  m agn itude w ith  a  d ecrea se  
in  ca k e  p o ro s ity  to  0 .8 0 . T h e n  it w a s red u ced  at a  lo w e r  rate w ith  fu rther re d u ctio n  in  
ca k e  p oros ity .
b )  S u bsequ en tly  the p articles  w ere  su spen ded  fo r  several days in  1 %  o il  b rin e  to  co a t  the 
so lid s  w ith  o il  and then  the p erm eab ility  and p oros ity  o f  their th in  ca k es  w ere  
determ in ed . T h e  results su ggested  that the cak e  p erm eability  c o u ld  fa ll b y  as m u ch  as 
5 0 %  w h en  the so lid s  are co a te d  w ith  o il . S o  the p resen ce  o f  o il sh ou ld  b e  m in im ise d  in  
in je c ted  w ater w h en  so lid s  con tam in ation  is exp ected .
2.2.3 Micro-models for plugging by particle movement and scale deposition
Gruesbeck and Collins model (1982)
G ru e sb e ck  and C o llin s  (1 9 8 2 )  v isu a lised  flu id  pathw ays at any cross  se c t io n  in  a  c o lu m n  as 
h a v in g  tw o  con tin u in g , para lle l b ran ches: on e  o f  sm all p ore  s ize  in  w h ich  p lu g -ty p e  
d e p o s its  o f  fin es  m ay  o c cu r , and  the oth er o f  larger p ore  s ize , in  w h ich  o n ly  su rfa ce  n o n ­
p lu g g in g  d ep osits  o ccu r . It is  fr o m  su ch  su rface  dep osits  that fin es  ca n  b e  re -en tra in ed  b y  
m o v in g  flu id  and m a y  red ep os it  as p lu g -ty p e  d ep osits  to  cau se  a  n et p erm ea b ility  
red u ction . G ru esb eck  and C o llin s  (1 9 8 2 ) used  tw o  lo ca l la w s o f  entra inm ent and 
d e p o s it io n  to  s p e c ify  the m o d e l .
S u rfa ce  d e p o s it io n  and entrainm ent:
T h is  is  the m a in  m ech a n ism  fo r  p a ck e d  co lu m n s dom inated  b y  n o n -p lu g g in g  p a th w a y :
a ) S u rfa ce  d ep os ition : fo r  a su sp en s ion  o f  v e ry  sm all particles f lo w in g  th rou g h  a  p o ro u s  
m e d iu m  h a v in g  large  p o re s , o n e  w o u ld  n ot ex p ect p lu g g in g  d ep os its  to  o c c u r . F o r  th is 
ca se , at ea ch  in  f l o w  rate, e fflu en t particle  v o lu m e  con cen tra tion  (C e )  flu ctu ated , but
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th is w a s  fo l lo w e d  b y  a  stead y  v a lu e  in d ica tin g  s tea d y  state co n d itio n s  w ith in  the sand 
co lu m n . T h is  p ro v id e d  a d irect m ean s o f  d e term in in g  the lo ca l la w  o f  d ep os ition  from  a 
m ateria l b a la n ce  o n  the fin es :
— •(^C +  ^ a j + u —  -  0  
o t  o x
( 2 .2 1 )
w h ere :
rem ain in g  p o ro s ity  a fter  d e p o s it io n
u
(  q Nv o lu m e  flu x  d en sity  —  
( A ,
v o lu m e  o f  fin es  d e p o s ite d  p er  unit orig in a l pore  
v o lu m e .
A s s u m in g  that §  and C  are essen tia lly  constant w ith  t im e  (as cj)C is the v o lu m e  o f  fin es  in
su sp en s ion ) then  i f  it is a ssu m ed  that the lo ca l rate o f  fin es  d ep os ition , -— , is s im p ly
d t
p rop ortion a l to  fin es  con cen tra tion , C , the a b o v e  eq u a tion  ca n  b e  integrated to  y ie ld  fo r  a 
co lu m n  o f  length  L :
data. C a lcu la tion s  b y  G ru e sb e ck  and C o llin s  (1 9 8 2 )  y ie ld e d  the sam e va lu e  o f  0.01 1 /sec
do
fo r  ea ch  f l o w  rate. T hu s, p w d s  in depen den t o f  f l o w  rate, and a lo ca l la w  o f  —  =  p C  w as 
esta b lish ed  fo r  su rfa ce  typ e  d e p o s it io n .
b )  E ntrainm ent w h en  f lo w in g  a c lea n  flu id  th rou g h  a  d irty  co lu m n : fo r  this case , 
essen tia lly  steady  e fflu en t con cen tra tion  is esta b lish ed  after an in itia l burst o f  f in e  
e fflu en t fo l lo w in g  ea ch  f l o w  rate ch an ge . T h ere  is a  critica l f l o w  v e lo c ity  (u c )  fo r  the
fin e s  to  b e  p ro d u ce d . A t  a v e lo c i ty  lo w e r  than (u c )  n o  fin es  are p ro d u ce d  fro m  the
co lu m n . A g a in  the m ateria l b a la n ce  o n  fin e s  f o r  steady state co n d it io n s  w as u sed . 
In tegrating o v e r  th e  len gth  o f  the co lu m n  w ith  C = 0  at the in let con cen tra tion  and 
C  =  C e at the ou tlet con cen tra tion :
( 2 .2 2 )
w h ere  p is the su rface  d e p o s it io n  constant, w h ich  ca n  b e  ca lcu la ted  fro m  the experim ental
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u <  u (2.23)
w h ere  a  is a con stan t and u c is a  critica l v e lo c ity .
P lu g g in g  d e p o s it io n  and entrainm ent:
B o th  p lu g g in g  and su rface  d e p o s it io n  p rocesses  o c cu r  sim ultaneously . A s  fin es  fro m  p lu g - 
ty p e  d e p o s its  a ccu m u la te  w ith in  so m e  o f  the n arrow er p ore  op en in gs , flu id  f l o w  is d iverted  
to  the rem ain in g  o p e n  flu id  pathw ays. In this th eory  p o re  sp ace  is d iv id ed  in to  p lu g g in g  
and  n o n -p lu g g in g  path w ays. A  fra ction , f , o f  elem ents is  m ade o f  p lu g g in g  p a th w ays and 
a fra ction , 1 -f , o f  n o n -p lu g g a b le  pathw ays. T h e p o re  size  d istribu tion  o f  the p o ro u s  
m e d iu m  and the p article  s ize  d istribu tion  o f  fin es determ ine the va lue o f  fra ct ion  f . H e n ce  
th e  tota l f lu x  d en sity  is:
w h ere  u p and  u np are the flu x  den sity  o f  flu id  f lo w in g  through  the p lu g g a b le  and n o n -
p lu g g a b le  pa th w ays, re sp ectiv e ly . T h e  v o lu m e  o f  dep osits  per unit bu lk  v o lu m e  o f  p o ro u s  
m e d iu m  is:
w h ere  crp and <rnp are the v o lu m e s  o f  fin es d ep osited  per  unit o f  the p lu g g a b le  and n o n -
p lu g g a b le  p o re  v o lu m e s , fij); and (1 -  f ) ^ , fille d  b y  p lu g g in g  and n o n -p lu g g in g  d ep osits . 
T h en  G ru e sb e ck  and  C o llin s  (1 9 8 2 ) su ggested  tw o  lo ca l law s o f  entrainm ent and
d e p o s it io n  to  s p e c ify  — :
a) D e p o s it io n  in  the n o n -p lu g g a b le  p a th w ays: T h e  rate o f  d ep osition  in  the n o n -p lu g g a b le  
pa th w a ys d e d u c e d  fr o m  experim en ts w ith  synthetic system s is:
u  =  f u p + ( l - f ) u np (2 .2 4 )
(2 .2 5 )
(2.26)
w h ere  th e  first term  is set to  z e ro  fo r  u <  u  .np c
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b )  D e p o s it io n  in  th e  p lu gga b le  path w ays: It is assum ed that the d e p o s it io n  in  the 
p lu g g a b le  pa th w ays fo l lo w s  a  sn ow ball e ffe c t . A s  the n u m ber o f  p lu g g e d  p o re s  
in crea ses , th e  rate o f  d ep os ition  sh ou ld  a lso  increase. Thus a  la w  o f  the fo l lo w in g  fo r m  
w a s  p ostu la ted  w ith  Q  and p  b e in g  constant:
T o  c o m p le te  th is th eory , D a rcy ’ s la w  w as used  to  d escribe  the f l o w  d iv e rs io n  p h e n o m e n a
p lu g g a b le  parts o f  the p orou s  m edium . T hus, the fraction  o f  f l o w  th rou g h  p lu g g a b le  
p a th w a y s  is:
T h ere  is rea lly  n o  d irect m eth od  o f  determ in ing h o w  perm eability  ch a n g e s  as d e p o s its  
g r o w . H o w e v e r  G ru esb eck  and C o llin s  (1 9 8 2 ) suggested  the fo l lo w in g  co rre la t io n  fo r  
p lu g g a b le  and  n o n -p lu g g a b le  areas, respectively :
w h e re  a , K pi, and s  are the p h en om en o log ica l constants to  be sp ec ified .
Soo and Radke Clayton model (1984)
S o o  and  R a d k e  C la y ton  (1 9 8 4 ) evaluated the filter c o e ff ic ie n t  and the f l o w  d iv e r s io n  
param eter, w h ic h  b o th  con tro ls  the p rocesses  o f  d rop  or  particle capture in  a  m e d iu m , fr o m  
e m u ls io n  con cen tra tion  h istories. T h e f lo w  restriction  param eter, w h ich  ch a ra cterises  h o w  
e f fe c t iv e ly  d ro p s  are retained in  obstructing  f lo w , w as obta ined  fr o m  p e rm e a b ility  data. 
T h e  transient d ro p -v o lu m e  retention  and drop  v o lu m e  concen tration  p r o fi le s  a ( t ,x ) a n d  
c ( t , x )  o b e y s  th e  fo l lo w in g  exp ress ion  in  a  linear m ed iu m  o f  length  L :
(2 .2 7 )
in  term s o f  th e  perm eab ility , K p (cyp ) and K np( a np) ,  in  the parallel p lu g g a b le  and  n o n -
(2 .2 8 )
(2 .2 9 )
K npi
np" T T ^ np
(2 .3 0 )
cr(T,x) l-exp(cx Asi C;T) (2.31)a[l-exp(Asix)-exp(cx Asi CjT)] 
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C (T ,x )  a(T,x) 
C , « , ( T )
(2.32)
w h e re :
: redu ced  axial distance.
~  ut
T  =  t  -  x  . sh ifted  tim e  variab le  w ith  x ~ -------
s 0L
A si =  XsiL : red u ced  filter c o e ff ic ie n t  m ade d im e n s io n le s s  b y  the 
length  L .
T h e  su bscrip t i refers to  the b ed  inlet and e 0 is  the clean  b e d  p o ro s ity , w h ile  a  is  th e  f l o w  
red istr ib u tion  param eter. ‘  si * refers to  straining and in tercep tion . T h e  tran sien t 
p erm ea b ility  red u ction  depends on  the lo ca l retention  a ccord in g  to :
w h e re  P is the f lo w  restriction  param eter.
Wojtanowicz et al. model (1987)
W o jt a n o w ic z  et al. (1 9 8 7 ) presented a theory , w h ich  p rov id es  a  t o o l  f o r  id e n tifica t io n  o f
con sta n t rate filtration , a linear geom etry  o f  f lo w , lo w  so lid s  con cen tra tion , h o m o g e n e o u s  
fo rm a tio n , cak e  in com p ressib ility , linear f lo w , regular p ore  g e o m e try  an d  that th e  v o lu m e  
re d u ctio n  du e to  particle  capture can  b e  ign ored . T hree b a s ic  m ech a n ism s are su g g e s te d  f o r  
p o r e  b lo ck in g :
G rad u a l p o re  b lo c k in g : con tin u ou s capture o f  fines at the ro ck  w a lls  d u e  to  re ten tion  fo r c e s  
(s e e  F ig . 2 .3 ) . T h e  p erm eability  respon se  o f  this typ e  o f  b lo ck in g  is:
(2 .3 3 )
the p rev a ilin g  m ech an ism  o f  perm eability  im pairm ent in  a lin ear c o r e  f l o w  sy stem . T h e  
resu lts  o f  their laboratory  f lo w  tests are sh ow n  in  F ig . 2 .2 . In their th e o ry  th ey  a ssu m e d
(2.34)
Vk  = VK7(l-C,t) (2 .3 5 )
w h e re :
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f .  =  (c f r ) A }
p s
(2.36)
C F R
V P
T s
L
Q
C a k e to  filte r  ratio  
P ore  v o lu m e ,c m 3
S o lid  con ce n tra tio n  in  f l o w  stream , g /c m 3 
A v e r a g e  len g th  o f  f l o w  path , c m  
F lo w  rate, c m 3/m in
S in g le  pore  b lo ck in g  (s creen in g ): T h is  o c c u r s  w h e n  s in g le  p a r tic le s  o f  s iz e  c lo s e  to  the 
p ore  s ize  (critica l s ize ) instantly b lo c k  an in d iv id u a l p o r e , thus e lim in a tin g  it f r o m  the f lo w  
system  (F ig . 2 .4 ). T h e p erm ea b ility  re sp on se  to  th is  ty p e  o f  b lo c k in g  is :
K  =  K ;
7tC2d 3p
K  =  K j ( l  - C 2 t)
C =  32vD yA rT
(2 .3 7 )
(2 .3 8 )
(2 .3 9 )
w here:
is the co n ce n tra tio n  o f  p a rtic le s  o f  cr it ica l s iz e  d.
* area o f  s in g le  p o re , c m 2 
p o re  s ize , c m  
r o c k  area, c m 2 
tortuosity
C ake form in g  (stra in ing): T h is  is  a ssoc ia ted  w ith  th e  b u ild  u p  o f  a  filtra tion  ca k e  at o r  c lo se  
to  the form ation  fa ce  (F ig . 2 .5 ) . T h e  p erm ea b ility  r e s p o n s e  to  th is  ty p e  o f  b lo c k in g  is:
A
D
A r
T
K 1
Ki (1 + C 3t) (2.40)
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Fig.2.2 Manifestation of three particles captures mechanisms (Wojtanowicz et al. 1987)
Time, min
Fig. 2.3 Gradual pore blocking mechanism (Wojtanowicz et al. 1987)
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Fig. 2.4 Particles invasion, single pore blocking (Wojtanowicz et al. 1987)
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Fig. 2.5 Foreign particles invasion, cake forming (Wojtanowicz et al. 1987)
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Civan et al. model (1989)
C iv a n  et al. (1 9 8 9 ) presen ted  a  re la tion sh ip  b e tw e e n  the in itia l p e rm e a b ility  and the 
d a m a g e d  p erm eab ility  as a  fu n ctio n  o f  a ltered  p o r o s ity  <j) (d u e  to  s o lid  p a rtic les  and  o il
d rop le ts  in v a s ion ) and the in itia l p o ro s ity  <j>£:
K d = K , v 3
v V
(2 .5 1 )
van Velzen and Leerlooijer model (1992)
van  V e lz e n  and L e e r lo o ije r  (1 9 9 2 ) d e v e lo p e d  a  n e w  m o d e l to  d e scr ib e  w e llb o re  
im p a irm en t b y  internal ca k e  form a tion  du rin g  w a ter  in je c t io n .
w h ere :
- - 1  
V a  j
a
5 f
V,
L SFC „
A (l>t
1 -  ex p f K A L '  
q 0
v (2 .5 2 )
F ractional in je c t iv ity  in d ex .
D a m a g e  fa c to r
V o lu m e  fra ct io n  o f  s o lid s  in  su sp en s ion  at in je c t io n  
su rface.
A
X v
L
: C ore  cro ss -s e c t io n a l area, m
: F ractional p o ro s ity  o f  p o ro u s  m ed ia
: V o lu m e  filter  c o e f f ic ie n t . 1/s
: D epth  o f  p o ro u s  m e d iu m , m .
q  : Initial rate o f  in je c t io n , m 3/s e c .
V  : C u m u la tive  in je c te d  v o lu m e , m 3
D a m a g e  fa ctor , v o lu m e  fra ction  o f  s o lid s  in  su sp en s ion  at in je c t io n  su r fa ce , in je c t io n  
su r fa ce  area, fra ction a l p o ro s ity  o f  p o ro u s  m e d iu m , v o lu m e  filter c o e f f ic ie n t  an d  in itia l rate 
o f  in je c t io n , are a ll constant. T h e  depth  o f  the p o r o u s  m e d iu m  and  the cu m u la tiv e  in je c ted
v o lu m e  are indepen den t variab les and (—  -  1)L  is  the d ep en d en t variab le .
a
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q
V - A P
a
f  q
Y - A P
f  K :
6F = — 1- - 1
J
(2.53)
(2 .5 4 )
w here:
K : P erm ea b ility  o f  p o r o u s  m ed iu m , m 2.
P erm ea b ility  o f  z o n e  a ffe c te d  b y  p a rtic le  d ep os ition , m 2‘ 
F ra ction a l ca k e  p o ro s ity .
T h is  m o d e l requ ires va lu es  fo r  d a m a g e  fa c to r  an d  the v o lu m e  filter  c o e ff ic ie n t  as input 
param eters. L inear c o r e  f l o w  ex p erim en ts  ca n  b e  u se d  to  m easu re  th ese  param eters.
K d
* c
D eterm ination  o f  dam age  fa c to r : W h e n - - 1
V a
L max is p lo tted  against cu m u lative  in jected
v o lu m e , a straight lin e  w ill  b e  o b se rv e d . T h is  m ea n s  that a lin ear re la tion  ex ists betw een  
these tw o  term s until p articles  b e g in  to  le a v e  the c o r e  p lu g  (F ig . 2 .6 ) . F rom  the s lo p e  o f  the 
line, the dam age fa cto r  ca n  b e  ca lcu la te d  f o r  a s p e c if ie d  v o lu m e  fra ction  o f  so lid s  in 
suspension  at the in je c t io n  su rfa ce , c r o s s -s e c t io n a l area  o f  the p o ro u s  m ed iu m  and 
fractional p oros ity  o f  the p o ro u s  m ed iu m . T h e  ch a n g e  in  the s lo p e  a fter a cr itica l va lu e  o f  
the cu m u lative  in je cted  v o lu m e  ca n  b e  e x p la in e d  b y  a  ch a n g e  in  dam age  fa ctor  (the 
increase o f  s lo p e  is du e to  the fo rm a tio n  o f  a  s e c o n d  p h a se  internal filter  ca k e ).
D eterm ination  o f  the v o lu m e filter c o e f f ic ie n t :  |------- 1
a
L , fo r  a  g iv e n  in jected  v o lu m e , is
p lotted  as a fu n ction  o f  the depth  o f  the p o r o u s  m e d iu m  (F ig . 2 .7 ) . T h is  p lo t  sh ow s curved  
lines (o n e  line fo r  each  con stan t in je c te d  v o lu m e )  w h ich  a p p roa ch  a  constant va lue
1 8  C
_  is  the s o -c a l le d  h a l f  in v a s ion  depth  (L 1/2).(1  ) 2 _ _ i L  max- [ 1 - 1]
Y a  J V a  J 2 A * .
Substituting the righ t-han d  s id e  o f  th is  e q u a tio n  in to  eq u a tion  (2 .5 2 ) , results in  an 
exp ress ion  fro m  w h ic h  the v o lu m e  filte r  c o e f f ic ie n t  Xv ca n  b e  ca lcu la ted :
X.. =
q 0 In 2
A L
(2 .5 5 )
1/2
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Cumulative injected volume, cc 
Fig. 2.6 Determination of damage factor (van Velzen and Leerlooijer 1992)
V=160(Vcm3 .  ♦ ♦
40 60 80 100 120
Depth of porous medium, mm
Fig. 2.7 Determination of volume filter coefficient (van Velzen and Leerlooijer 1992)
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Pang and Sharma model (1994)
P a n g  an d  S h arm a  (1 9 9 4 )  p ostu la ted  that during som e  initial p eriod  an internal filter ca k e  is 
fo rm e d . A s  m o r e  p a rtic le s  are trapped  o n  the su rface o f  the ro ck  a  p o in t is reach ed  w h ere  
v e ry  f e w  p a rtic le s  ca n  in v a d e  the r o c k  and an external filter cake beg in s to  b u ild -u p . T h e y  
re fe r  to  the t im e  at w h ic h  n o  m o re  particles  invade the rock , i.e ., the tim e at w h ich  the 
in itia l la y e r  o f  ex tern a l fi lte r  ca k e  is c o m p le te ly  form ed , as the transition  tim e t*. I f  the 
c o n d it io n s  u n d er  w h ic h  p a rtic le s  w ill fo rm  internal and external filter cak es ca n  b e  
d e term in ed , th en  th e  en tire  filtra tion  p ro ce ss  can  b e  approxim ated b y  app ly in g  an internal 
ca k e  filtra tion  m o d e l b e fo r e  the transition  tim e and an external cake filtration  m o d e l after
)|t
the tran sition  tim e . P u re ly  extern a l filtration  can  be  obtained w h en  t is  near ze ro  and pure 
internal filtra tion  ca n  b e  o b ta in e d  as t* approaches to  infin ity. T o  determ ine the transition  
tim e , th e y  d e fin e d  the tra p p in g  e f f ic ie n c y  (T e) ,  w h ich  is the fraction  o f  suspended  particles 
trapped  b y  the p o r o u s  m e d iu m . It is  a  lo ca l property and w ill increase w ith  tim e. T h e  
n u m b er  o f  trap p ed  p a rtic le s  n* w h en  the trapping e ff ic ie n cy  reaches unity can  b e  ob ta ined .
j|i
T h is  n  co r re s p o n d s  to  th e  transition  tim e at w h ich  m ainly external cake b u ild -u p  b e g in s  
(v e ry  fe w  p a rtic le s  g o  th rou g h  in to  the p orou s  m edium  thereafter). T he num ber o f  particles 
trapped  at the su r fa ce  o f  th e  c o r e  d N  in  the tim e interval dt (F ig . 2 .8 ) is g iven  b y :
d N  =  C nV A T E(n )d t (2 .5 6 )
w h ere  n  is  the a v era g e  n u m b er  o f  particles attached to each  co lle c to r  and C n is the 
co n ce n tra tio n  o f  su sp en d ed  partic les . I f  a  is the cross-section a l area o f  the co lle c to r  then
• d N  =  — dn (2 '5 7 >
a
and the a b o v e  e q u a tio n  b e c o m e s :
d n = C „ V a T E (n )  (2 .5 8 )
dt
*
t = — F (n  )  (2 .5 9 )
'n
*
o T E(n )
N o rm a lis in g  t* w ith  re sp e c t  to  the p o re  in jected  vo lu m e:
A V t ’
7
P
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F (n ‘ ) =  J —  (2 .6 0 )
*d = —  (2.61)
tD =
F (n * )
C „ a  V „
w h e re :
V p : P ore  v o lu m e  o f  the co re  and is equ a l to  AL(j)
tp  : D im en sion less  tim e)
- M
C =  c „  i j i d 7 1 0 ' 6 y
d p : M ea n  particle  diam eter
M ean  grain d iam eter o f  the rock  
S p e c ific  gravity  o f  the particles 
B y  su bstitu tion  in  eq u a tion  (2 .6 3 ) Pang and Sharm a (1 9 9 4 ) obtain:
(2 .6 3 )
(2.62)
p =  24 (})C L il
Ttd3 (2 .6 4 )
w h e re  C  is  in  p p m , L  in  m , and dg and d p are in  pm . T o  obta in  t* the varia tion  o f  the 
trap p in g  e f f ic ie n c y , as a fu n ctio n  o f  the n um ber o f  trapped particles, n, m ust b e  ca lcu la ted  
(s e e  F igs . (2 .1 1 )  and (2 .1 2 ) ) .  V itthal and Sharm a (1 9 9 2 ) p rov id e  m ore  deta ils . B a sed  o n  the 
g ra in  s iz e  o f  the r o c k  an d  the in jected  particles size , a transition tim e t* is ca lcu la ted . 
K c and  (j)c ca n  b e  ob ta in ed  b y  m atch ing w ith  the experim ental data o f  the s e c o n d  se c t io n  
o f  th e  in je c t iv ity  cu rv e  (ex terna l cak e), p and X can  b e  obta ined  b y  m atch in g  w ith  the 
ex p er im en ta l data o f  the first section  o f  the in jectiv ity  curve (internal cak e).
Particle C
F luid  V
A, L
A rea  = a
S ize  ratio = d p/d g
C= Concentration 
V— Velocity 
A= Cross-sectional area 
L= Length
Fig. 2.8 Schematic of collector and core (Pang and Sharma X994)
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Fig. 2.10 F(n *) versus size ratio (Pang and Sharma, 1994)
34
Rochon et al. model (1996)
R o c h o n  et al. (1 9 9 6 ) d escr ib ed  the form a tion  dam age p ro ce ss  u s in g  re la tive ly  f e w  
param eters. P article  s ize , con cen tration , f lo w  rate, p oros ity , and  p erm ea b ility  w e re  
id e n tifie d  as the m o s t  im portant variab les in v o lv e d . T h e  d escr ip tion  o f  their an a ly tica l 
m o d e ls  is  as fo l lo w s :
B u ild in g -u p  the internal ca k e : the m ain  assu m ption  w as that the n u m b er  o f  p a rtic les  
m o v in g  is  m u ch  sm aller than the num ber o f  particles , w h ich  h ave  a lready  b e e n  d ep os ited . 
A  m ass b a la n ce  equ ation  ca n  be  w ritten  fo r  linear f lo w .
w h ere :
Q  5 C  dn „
t  ( 2 -6 5 )A dx dt
Q  : In jection  rate at tim e t
A  : C ross - sectiona l area o f  the p orou s  m ed iu m
C  : V o lu m etr ic  con cen tra tion  o f  d ep os ition  p articles
x  : D istan ce  in to the p orou s  m ed iu m  as m easu red  fr o m  the entry
fa ce
R o c h o n  et al. (1 9 9 5 ) assum ed that the con cen tra tion  o f  particles in  the su sp en s ion  is
in d ep en d en t o f  tim e and decreases exp on en tia lly  w ith  d istance. A ls o ,  the con stan t
con ce n tra tio n  p ro fi le  o f  particles  in  su spension  depends o n  the real in itia l v e lo c i ty  w ith in
the p o re s  (interstitial v e lo c ity  ).
A * 0
T h en
w h ere :
Q°
X
*o
dx
Initial in je ct ion  rate 
F iltration c o e ff ic ie n t  
Initial undam aged  p oros ity
( 2 .6 6 )
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In tegra tion  fro m  the entry fa c e  to  a  depth  x  g iv e s  the con cen tra tion  p r o f i le  o f  su sp en d ed  
pa rtic les :
A,<b0 A   z x
C = C„e Q°
A s s u m in g  that p artic le  d e p o s it io n  corresp on d s to  a  d ecrease  in  p o ro s ity :
dn _  f  d({$ 
di v d t ,
S u bstitu tion  o f  equ ation s (2 .6 6 -2 .6 8 )  in to  (2 .6 5 ) and in tegration  y ie ld s :
< K x ,V )  =  fc
X A  <j>0x
Q o
V
(2 .6 7 )
( 2 .6 8 )
(2 .6 9 )
w h ere  the tim e in tegral o f  the in je c t ion  rate is rep laced  b y  the cu m u la tiv e  in je c te d  V . A  
lin ear re la tion sh ip  b e tw een  the logarith m  o f  perm eability  and p o ro s ity  is a ssu m ed  to  b e :
l n £ -  =  & » (♦ -♦ . ) ]
IV  rv
(2 .7 0 )
w h ere  p  is the so  ca lle d  rela tion sh ip  co e ff ic ie n t . C om b in in g  the last tw o  eq u a tion s  ( (2 .6 9 )  
and (2 .7 0 ) )  is ob ta ins:
K O I f
k T  =  H  xp
-A.A<[){ 
A.pC0([)0 c Q 0
V d x (2 .7 1 )
T h is  eq u a tion  is  the ratio o f  in itial perm eab ility  to  average p erm ea b ility  a fter in je c t io n  o f  a 
v o lu m e  V .
S w itch in g  fro m  internal d am age  to  external ca k e : T h e  ratio o f  p o re  throat d ia m eter  to  
p a rtic le  s ize  is ca lle d  the ja m m in g  ratio Jr. G row th  o f  the internal ca k e  is  a c c o m p a n ie d  b y  a  
d ecrea se  in  ja m m in g  ratio  at the entry fa ce . There is a critica l va lu e  J* o f  the ja m m in g  ratio  
at the entry  fa ce , w h e n  the particles  are stop p ed  becau se  the s iz e  o f  the p o r e  throats
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d ecrea ses  to  a va lu e  su ffic ien tly  sm all to  perm it p article  b r id g in g  o r  b lo c k in g . A n o th e r  
term  is  cu m u la tive  v o lu m e  in jected  w h en  dam age sw itch es  fr o m  internal d a m a g e  to  g ro w th  
o f  the external cake w h en  n e w  particles can  n o  lo n g e r  enter but h a v e  to  a c cu m u la te  at the 
in je c t io n  fa ce . T h is  term  is ca lled  V*.
2 Q „ l n ± -
v*   a l (2.72)
w h ere
A.pC0cj)c
A *a* -  . N u m ber o f  particles requ ired  to  b lo c k  th e  en try  p o r e
d p ’ throat w h en  the cr itica l v o lu m e  V * has b e e n  in je c te d
T _  d t .
Jr ~ T ~  : Jamming ratio
d P
d p , d t ; Particle and p ore  throat d iam eter, r e s p e c t iv e ly
B u ild in g -u p  the external cak e  at constant f lo w  rate: T h e  b a s ic  a ssu m p tion  is  that o n c e  the 
extern a l ca k e  starts to  fo rm , n o  m ore  particles enter the p o ro u s  m e d iu m  an d  the a v era g e  
p erm ea b ility  o f  the dam aged  p orou s  m ed ium  has a va lue K  w h ich  rem a in s  con sta n t w h ile  
the extern a l cak e  con tin u ou s to bu ild-up . T he external cak e  th ick n ess h c in cre a se s  w ith  the 
arriva l o f  n e w  particles:
Q oC 0 = A ( l - * c ) ^ -  (2 .7 3 )
at
In tegration  g iv e s  the th ickness o f  the cake as a fu n ction  o f  the tim e  ( t - t * )  s in ce  the 
extern a l ca k e  started to  fo rm :
h c = l 7 ^ dt  =  T 7 £ n ( V - V 1*
t
T h e  o v e ra ll  resistance to  f l o w  correspon ds to  tw o  resistances in series d u e  to  th e  d a m a g e d  
p o r o u s  m e d iu m  and due to  the external cake.
C o m b in in g  the a b o v e  tw o  equ ation s g iv e s  an  e x p re ss io n  fo r  the ch a n g e  in  overa ll 
perm eab ility  as a fu n ction  o f  v o lu m e  in je cted :
K o
K
1 = ------- — d v - v * )
A L K c (l-<|>c ) v '
(2 .7 6 )
? R o c h o n  et al. (1 9 9 5 ) u sed  F onta in eb leau  san d ston e  co r e s  w ith  p o ro s it ie s  fr o m  10 to  1 7 %
w ith  particle  s izes  fro m  1.5 to  7 .6  p m  and a  co n cen tra tion  fr o m  2  to  14 p p m  su spended  in  a
0 .6  g/1 N a C l brine. T h e  p H  w a s ad ju sted  to  8 .5 . T h e  p lo t  o f  — - - 1  as a  fu n ction  o f
graph ica lly . T h e filtration  co e ff ic ie n t , X and the con stan t, p , ca n  b e  determ in ed  b y  
m atch ing  the experim ental cu rve  at con stan t in je c t io n  rate.
2.3 LITERATURE SURVEY ON SCALE FORMATION
2.3.1 The problem and occurrence of scale
in jection  system s. S ca le  fo u lin g  som etim es  lim its  o r  b lo c k s  o i l  and  gas p rod u ction  b y  
p lu g g in g  the o il-p ro d u c in g  form a tion  m atrix  o r  fractures and  p er fo ra ted  in tervals. S ca les  is 
a lso  d ep osit in  d o w n  h o le  pu m ps, tu b in g , ca s in g  f l o w  lin es , heater treaters, tanks, and other 
p rod u ction  equ ipm en t and fa cilit ies . S ca le  ca n  o c c u r  at /o r  d ow n strea m  o f  any p o in t in  the 
p rod u ction  system  w h ere  supersaturation o ccu rs . T h e  m o s t  c o m m o n  sca les  d ep os ited  in  
o il f ie ld  operations are ca lc iu m  carbonate, ca lc iu m  su lphate, stron tium  su lphate and barium  
sulphate. C a lc iu m  carbonate sca le  g en era lly  ca u ses  a  sharp in crea se  in  the pressure drop  
that exists betw een  the form a tion  and the w e ll  b o re  o r  a cross  a n y  co n str ic t io n  in  the 
p rod u ction  p ip e  w ork , e .g . ch eck s  and sa fe ty  v a lv es . T h e  fa llin g  in  p ressu re  liberates C 0 2 
in to the gas phase lea v in g  a so lu tion  supersaturated in  ca lc iu m  ca rb on a te . T h e  variou s 
form s o f  ca lc iu m  sulphate sca le  i.e . g y p su m , anhydrate and h em ih y d ra te , ca n  b e  fo rm e d  
due to  an increase in  tem perature as w ill b e  fu rther d iscu ssed .
and perm eab ility  fro m  2 3 0  to  1600  m d . T h e  s o lid  p a rtic les  w e re  m o n o -s iz e d  bead s o f  latex
K
cu m u lative  in ject ion  sh ow s the three stages. It starts w ith  a near p a ra b o lic  cu rve  fo r  the 
bu ild -u p  o f  internal dam age fo l lo w e d  b y  a straight lin e  fo r  the g ro w th  o f  the external cake. 
T he critica l v o lu m e  V  w h en  sw itch in g  fr o m  internal ca k e  to  ex tern a l ca k e  is  determ ined
S ca le  d ep os ition  is on e  o f  the m ost im portant and  seriou s  p ro b le m s  arising  w ith  w ater
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2.3.2 Types of mineral scale in oilfields
T ab le  2.1 sh ow s the variou s typ es  o f  s ca le s  that are c o m m o n ly  fo u n d  in  o il f ie ld s . T ab le  2 .2  
sh ow s the m a jor  com p on en ts  o f  s ca le s  fo u n d  in  th e  Iran ian  o il f ie ld s . T h e  dep osits  are 
se ld om  pure ca lc iu m  sulphate o r  ca lc iu m  ca rb o n a te , b u t  are u su a lly  a  m ixtu re  o f  tw o  or  
m ore  o f  the in organ ic  co m p o n e n ts  p lu s  c o r r o s io n  p ro d u c ts , c o n g e a le d  o i l ,  para ffin , s ilica  
and other im purities. T h ese  m ateria ls are tra p p ed  in  th e  in o rg a n ic  la ttice  and frequently  
com p lica te  the rem ov a l o f  the d ep os it . O f  a ll th e  s ca le s , c a lc iu m  su lphate and ca lc iu m  
carbonate have been  s in g led  ou t fo r  stu d y  in  th is  w o r k  b e c a u s e :
i. T h ey  fo rm  a  hard sca le  that ca n n ot b e  r e m o v e d  e a s ily  b y  c h e m ica l treatm ent.
ii. It is certain  that m a n y  Iranian o il  f ie ld s  are l ik e ly  to  s u ffe r  fr o m  ca lc iu m  sulphate and 
ca lc iu m  carbonate sca le  d e p o s it io n  d u rin g  th e ir  li fe t im e .
C a lc iu m  sulphate sca le , e sp e c ia lly  g y p su m , still ca u s e s  u n p re d ic ta b le  p ro b le m s  in  m an y o il 
fie ld s. T h is  type o f  sca le  ca n  ca u se  se v e re  p lu g g in g  o f  eq u ip m en t and p rod u cin g  
form ation s; it creates the n ecess ity  o f  c o s t ly  r e m e d ia l w o rk . T h u s , to  understand the 
form ation  o f  these sca le  m inera ls, the k in e tics  o f  c a lc iu m  su lph ate  s ca le  fo rm a tion  and 
transform ation  o f  on e  hydrate to  an oth er are  p a rticu la r ly  im p orta n t in  determ in ing the 
nature o f  the sca le  fo rm e d  under f ie ld  c o n d it io n s  as a  fu n c t io n  o f  b o th  tem perature and 
io n ic  strength o f  the so lu tion .
Table 2.1- M ost co m m o n  sca les  in  o il f ie ld s
N a m e
Chemical
Formula Primary Variables
C a lciu m  carbonate (C a lc ite ) C aC C >3 P artia l p ressu re  o f  C 0 2, Tem perature, 
T o ta l d is s o lv e d  salts
C a lc iu m  Sulphate:
G yp su m  (M o st  c o m m o n ) 
H e m i-  H ydrate 
A nhydrite
C a S 0 4.2 H 20
C a S 0 4 .1/ 2H 20
C a S 0 4
T em p era tu re , T o ta l d is s o lv e d  salts, 
Pressure
B arium  Sulphate B a S 0 4 T em p era tu re , P ressure
Strontium  Sulphate S r S 0 4 T o ta l D is s o lv e d  salts
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Iron  C om p ou n d s :
F errous C arbonate F e C 0 3
Ferrous S u lfide F eS C orro s io n , d is s o lv e d  gases, p H
F errous H y d ro x id e F e  (O H ) 2
F errous H y d rox id e F e (O H )  3
T a b le  2 .2  -T y p ica l sca le  sam p les  in  Iranian  o il f ie ld s
A r e a F o r m a t io n M a jo r  s ca le M in o r  sca le
Persian  G u l f  (S ir i-C ) M is h r i f C a C 0 3 S r S 0 4
Persian  G u l f  (S ir i-D ) M is h r i f C a C 0 3 S r S 0 4
Persian  G u l f  (S ir i-E ) M is h r i f C a C 0 3 S r S 0 4
Persian  G u l f  (N osra t) M is h r i f C a S 0 4.2H 20 C a C 0 3
O n sh ore  fie ld  (A h w a z ) B a n gesta n C a S 0 4.2H 20 C a C 0 3
O n sh ore  fie ld  (M aru u n ) A sm a ri C a C 0 3 C a S 0 4.2H 20
O n sh ore  fie ld  (G ach saran ) A sm a ri C a C 0 3 C a S 0 4.2H 20
O n sh ore  fie ld  (A g h a ja r i) B an gestan C a C 0 3 C a S 0 4.2H 20
O n sh ore  fie ld  (M am atin ) A sm a ri C a C 0 3 S r S 0 4
O n sh ore  fie ld  (L a li) A sm a r i C a C 0 3 C a S 0 4.2H 20
2 .3 .3  T h e  n a tu re  o f  c a lc iu m  s u lp h a te  s c a le  
C o m p o s it io n
C a lc iu m  sulphate is  a  crysta llin e  d e p o s it  that is v e ry  adherent to  m a n y  surfaces. It is 
co m p o s e d  m a in ly  o f  ca lc iu m  and su lph ate  io n s , bu t w h en  d e p o s ite d  fr o m  co m p le x  
p o ly m e ta llic  so lu tion s ca n  con ta in  traces o f  m a n y  oth er  ion s. C a lc iu m  su lphate o ften  c o ­
precip itates w ith  strontium  su lphates, w ith  w h ic h  it ca n  fo r m  a  so lid  so lu tion . A d d ition a lly  
o n  p recip ita tion  fro m  o i l f ie ld  flu id s , it m a y  co n ta in  sm all am ounts o f  w a x , rust and silt.
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In vestigation  sh ow s that the p re d ic t io n  o f  c a lc iu m  sulphate sca le  in  o il  fie ld  operation  is 
v e ry  d ifficu lt . V etter  and  P h ilip s  (1 9 7 0 )  d e s c r ib e d  ca lc iu m  sulphate sca lin g  under 
d o w n h o le  w e ll co n d itio n . S h en  and C r o s b y  (1 9 8 3 )  in vestiga ted  the m ech an ism  o f  ca lc iu m  
sulphate sca le  d e p o s it io n  in  o i l  p ro d u c in g  w e lls . S t i f f  and D a v is  (1 9 5 2 ) and Sk illm an  et al. 
(1 9 6 9 ) p ro p o se d  a  s ca le  p re d ic t io n  m e th o d  b a se d  o n  the m ineral w ater analysis.
In  d o w n h o le  co n d it io n s  either anhydrite  o r  g y p s u m  d ep os ition  is cau sed  m a in ly  b y  
pressure d rop , w h ich  has a b ig g e r  e f fe c t  than  tem perature. H arberg  et al. (1 9 9 2 ) 
in vestigated  the e ffe c t  o f  b r in e  io n  co n ce n tra tio n , tem perature and pressure o n  gyp su m  
precip ita tion .
Morphology of Calcium Sulphate
C a lc iu m  sulphate, w h ich  is  im portan t in  d esa lin a tion  g eoch em istry  and p etro leum  
en g in eerin g , is co m p lica te  b y  the fa c t  that it ca n  cry sta llise  fr o m  aqu eous so lu tion  in  three 
fo rm s: gy p su m  ( C a S 0 4 , 2 H 20 ) ,  h em ih yd ra te  ( C a S 0 4, j^ H 20  ) , and anhydrate (C a S 0 4 ) .  
T h ese  com p ou n d s  m a y  b e  stab le  d e p e n d in g  o n  tem perature and io n ic  strength and they 
h ave decreasin g  so lu b ilit ie s  w ith  in cre a s in g  tem peratures a b o v e  40 ° C .  G e o rg e  and 
N a n co lla s  (1 9 8 7 ) and m a n y  in vestiga tors  (D ic k s o n  et a l., 1963 , V etter et al., 1983 ) have 
studied  the m o rp h o lo g y  o f  sca le .
Calcium Sulphate Solubility
S olu b ility  is d e fin ed  as the lim itin g  a m ou n t o f  a  so lu te , w h ich  can  b e  d isso lv e d  in  a so lven t 
u nder a g iv en  set o f  p h y s ica l c o n d it io n s . T h e  c h e m ica l sp ec ie s  o f  interest to  us are present 
in  aqu eous so lu tion s as ion s . C erta in  co m b in a t io n s  o f  these ion s  lead to  com p ou n d s , w h ich  
h ave lo w  so lu b ility . O n ce  th is ca p a c ity  o r  s o lu b ility  is  e x ce e d e d  the com p ou n d s  precip itate  
from  so lu tion  as so lid s . T h e re fo re , p re c ip ita tio n  o f  s o lid  m aterials, w h ich  m ay fo rm  sca le , 
w ill o c c u r  if:
• T h e  w ater con ta in s io n s , w h ic h  are ca p a b le  o f  fo rm in g  co m p o u n d s  o f  lim ited  so lu b ility .
• T here  is a  ch a n ge  in  th e  p h y s ica l c o n d it io n s  o r  w ater c o m p o s it io n , low er in g  the 
so lu b ility .
F actors that a ffe c t  sca le  p rec ip ita tion , d e p o s it io n  and crystal g row th  ca n  b e  sum m arised  as 
fo l lo w s :
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Supersaturation.
• Tem perature.
• Pressure.
• Io n ic  strength.
• E vaporation .
• A gita tion .
• C ontact tim e.
.  pH .
S o lid  precipitates m a y  e ith er stay  su sp en d ed  in  the w ater, o r  th ey  m a y  d e p o s it  to  fo rm  a 
coh eren t sca le  su ch  as o n  a  p ip e  w a ll. F orm a tion  p lu g g in g  m a y  o c c u r  b y  filtration  o f  
su spended  particles fr o m  w a ter  o r  a s o lid  sca le  m a y  fo rm  on  the fo rm a tio n  fa ce . E ither is 
undesirable. T h e d if ficu lty  o f  re m o v a l m a y  v a ry  w ith  the typ e  o f  p lu g g in g , w h ich  has 
o ccu rred . S ca le  fo u lin g  freq u en tly  restricts f l o w  th rou gh  in je ct ion  and f l o w  lin es, and the 
p ip in g  string. In su m m ary , w a te r -fo rm e d  sca les  are resp on s ib le  fo r  m a n y  p rod u ction  
p rob lem s. E ffe c t iv e  sca le  c o n tro l sh ou ld  b e  o n e  o f  the prim ary o b je c t iv e s  o f  an y  e ff ic ie n t  
w ater in jection  and n orm a l p ro d u ct io n  op era tion  in  o i l  and gas fie ld s .
E ffe c t  o f  tem perature and  pressu re  -  T h ere  are m a n y  p u b lica tion s  (H a rb erg  and S e im  et al., 
1992  and T ang, 1 9 8 9 ) o n  the so lu b ility  o f  ca lc iu m  sulphate co m p o u n d s  in  w ater and brine 
at a tm osph eric pressure. M o s t  data in  th ese  p u b lica t io n s  are in  g o o d  a greem en t w ith  each  
other. D iagram s o f  em p ir ica l eq u a tion s  o r  th erm od y n a m ic  relations are u sed  to  fin d  the 
m a x im u m  so lu b ility  o f  ca lc iu m  su lphate m o s t ly  g y p su m , in  w ater o f  s im ila r  c o m p o s it io n  
(F u lford , 1968 and S in gh a l and  S om erton , 1 9 7 7 ). I f  the C a +2 and S 0 42 io n  con cen tra tion  is 
ap p rox im ate ly  equal to  the ca lcu la ted  m a x im u m  con cen tra tion  o f  C a S 0 4 in  the actual 
w ater, the fie ld  brine is  sa id  to  h a ve  a  sca lin g  ten d en cy . U n fortu n ate ly , th is m eth od  can  
g iv e  o n ly  va g u e  and u n re lia b le  in fo rm a tio n  b e ca u se  it g iv e s  the so lu b ility  o f  g y p su m  or  
anhydrate o n ly  at 1 a tm osp h eric  pressu re . F igu re  2 .1 1  (L a n d o lt-B o m stie n , 1 9 8 5 ) sh ow s  
the e ffe c t  o f  tem perature o n  so lu b ility  o f  ca lc iu m  sulphate. G y p su m  so lu b ility  in creases 
w ith  tem perature up  to  a b ou t 4 0  ° C ,  and  then  d ecrea ses  w ith  tem perature. N o te  that a b o v e
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abou t 4 0 °C , anhydrite b e c o m e s  le ss  so lu b le  than  g y p su m , so  it c o u ld  reason ab ly  b e  
e x p e cte d  that anhydrite  m ig h t b e  th e  p re ferred  fr o m  o f  ca lc iu m  sulphate in  deeper, hotter 
w e lls . A ctu a lly , the tem perature at w h ic h  the s ca le  ch a n g es  fr o m  gy p su m  to  anhydrite or 
h em ih ydrate is  a  fu n ctio n  o f  m a n y  fa cto rs , in c lu d in g  pressure, d is so lv e d  so lids 
con cen tra tion , f l o w  co n d it io n s , an d  th e  sp e e d  at w h ic h  d iffe ren t fo rm s  o f  ea lc iu m  sulphate 
can  precip ita te  ou t fr o m  so lu tio n . P re d ic t io n  w h ic h  fo rm  o f  ca lc iu m  sulphate w ill 
p recip itate  under a  g iv e n  set o f  c o n d it io n s  is  v e r y  d if ficu lt . E ven  th ou gh  an anhydrite 
p recip itate  m igh t b e  e x p e c te d  a b o v e  4 0 °C  in  p re fe re n ce  to  g y p su m  du e to  its low er  
so lu b ility , g y p su m  m a y  b e  fo u n d  at tem perature u p  to  100°C . It is o fte n  d ifficu lt  to  
p recip itate  anhydrite  d ire ct ly  fr o m  so lu tio n , bu t, w ith  the passage  o f  tim e, gyp su m  can 
dehydrate to  fo r m  anhydrite . A b o v e  1 0 0 °C , anhydrite  w ill p recip itate  ou t d irectly  in  a 
stirred o r  f lo w in g  system . I f  the sy s te m  is q u ie sce n t the h em ih ydrate so lu b ility  b e co m e s  
lim iting . C o n v e rs io n  o f  h em ih yd ra te  to  anhydrite  c o u ld  b e  e x p e cte d  to  o c c u r  w ith  tim e.
F igure 2 .1 2  [D ic k s o n  et a l., 1 9 6 3 ] s h o w s  the e f fe c t  o f  pressure and tem perature on  
anhydrite so lu b ility . T h e  so lu b ility  o f  c a lc iu m  su lphate in  w ater in creases w ith  pressure. 
T h is  in crease  in  so lu b ility  is  d u e  to  th e  fa ct  that w h e n  the sca le  is d isso lv e d  in  w ater, there 
is d ecrease  in  the total v o lu m e  o f  th e  system .
C a S 0 4 +  H 20  < — !■ - Ca*2 +  S O /  +  H 20  (2 .7 2 )
W h en  this p h en o m e n o n  o c cu rs , p ressu re  a ffe c ts  so lu b ility  in  p rop ortion  to  the ch ange in 
v o lu m e . A  s im p lif ie d  e x p re ss io n  fo r  the e f fe c t  o f  pressure o n  the so lu b ility  o f  ca lc iu m  
sulphate in  w ater ca n  b e  d e r iv e d  fr o m  the F u lfo rd  (1 9 6 8 )  corre la tion . N o te  that the pressure 
e ffe c t  d ecrea ses  as tem perature in crea ses . P ressu re  d ro p  can  b e  a m a jor  cau se  o f  ca lc iu m  
sulphate sca le  in  p ro d u c in g  w e lls  and  near the w e llb o r e  ca n  create sca le  b a ck  in the 
form a tion  as w e ll  as in  the p ip in g .
E ffe c t  o f  io n ic  strength -  I o n ic  strength  is  d e fin e d  as:
I =  E C i Z i (2 -73 )
T h e  so lu b ility  o f  ca lc iu m  su lph ate  is  s tro n g ly  a ffe c te d  b y  the p resen ce  and con cen tra tion  o f  
other io n s  in  the system . T o  in v estig a te  the e f fe c t  o f  io n ic  strength o n  the poten tia l o f  sca le  
fo rm a tion  o f  ca lc iu m  su lphate, s o d iu m  ch lo r id e  w a s  u sed  to  in crease  the io n ic  strength o f  
the so lu tion .
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Fig. 2.11 Solubility of calcium sulphate as a function of temperature (Landolt-
Bornstien, 1985)
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Fig. 2.12 Effect of pressure and temperature on of calcium sulphate 
(anhydrite) solubility (Dickson et al., 1963)
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S o d iu m  ch lo r id e  is  h ig h ly  so lu b le  in  w ater; h en ce  so lu tion s w ith  a w id e  range o f  io n ic  
strength  c o u ld  b e  p rep ared . T h e  so lu b ility  o f  ca lc iu m  sulphate is a fu n ction  o f  the so d iu m  
c h lo r id e  co n ce n tra tio n ; an  in crease  in  io n ic  strength increases the so lu b ility  o f  the ca lc iu m  
su lph ate . S in ce  c a lc iu m  su lphate crystals d o  n ot d isso lv e  easily  in  w ater, ca lc iu m  nitrate 
an d  s o d iu m  su lph ate  w e re  d is s o lv e d  in  water, resulting in  ca lc iu m  sulphate cry sta lliz in g  o n  
th e  su rfa ce . T h e  e f fe c t  o f  io n ic  strength is sh ow n  in  F ig  2 .13 (C arlberg  and M a tch es , 1 9 7 3 ).
N a C l, g/I
F ig . 2 .1 3  S o lu b i l i t y  o f  g y p s u m  in  N a C l b r in es  at te m p e ra tu re s  0  to  7 0 °C  (C a r lb e r g
a n d  M a tch e s , 1 9 7 3 )
C r y s t a l  g r o w t h  o f  c a lc iu m  s u lp h a te  -  F or sca lin g  w ith in  the form ation , w h ich  is  u nder 
e x a m in a tio n  h ere , o b v io u s ly  the p o in t at w h ich  sca le  crystals ch o o se  to  g ro w , w ill b e  o f  
im p o rta n ce  to  th e  p erm ea b ility  dam age they can  cause. Punknell (1 9 8 3 ) u sed  m icrog ra p h s  
o f  th in  se c t io n s  o f  s ca le d  san dston e to  dem onstrate sca le  grow th  in  p ore  throats. In  th is 
ca s e  the a b s e n ce  o f  the th ird  d im en sion  m akes the iden tifica tion  o f  a  p ore  throat som ew h a t 
s u b je c t iv e . P o s s ib ly  the b est tech n iqu e fo r  three-d im ensional v isualisation  o f  sca le  is  
s te r e o s c o p ic  im a g in g  u s in g  th e  scann ing e lectron  m ic ro s co p e  (S E M ). E ven  th is te ch n iq u e  
is  d i f f ic u lt  to  in terpret as the depth  o f  the fie ld  is lim ited  to  the depth o f  the su rface  p o re s  
an d  part o f  th e  structure h as to  b e  rem ov ed  to  gain  a ccess . G row th  o f  sca le  in  the n a rrow  
ch a n n e ls  that lin k  p o re s  w i ll  ca u se  greater dam age than w o u ld  the sam e crysta l g r o w in g  in  
a w id e  p o re  b o d y .  A n y  p re ferred  substrates fo r  crystal grow th  co u ld  a lso  in flu en ce  the
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pattern  o f  perm eab ility  d am age in  a  ro ck  con ta in in g  severa l d if fe re n t m in e ra ls . Past 
e v id e n c e  ind icates that sca le  w ill g ro w  on  all substrates ava ilab le  in  the r e s e r v o ir  (S im m , 
1 9 8 4 ).
E f fe c t  o f  flu id  d yn am ics o n  crystal grow th  - T h e  g ro w th  rate o f  ca lc iu m  su lp h a te  d eh y d ra te  
s e e d  crysta ls is independent o f  the flu id  d yn a m ics  in  th e  system , su g g e s tin g  that the rate is 
n o t  d if fu s io n  con tro lled  but depends on  a su rface  rea ction  and n u c le a tio n  s ite s  (V e tte r  and  
P h ilip s , 1970 ). T h is  has particular s ig n ifica n ce  fo r  the fo rm a tion  o f  s c a le  in  th e  o i l  w e ll  
b e ca u se  the sca lin g  rate is exp ected  to  b e  indepen den t o f  the d y n a m ics  o f  f lu id  f l o w .
E ffe c t  o f  pH on  crystal grow th  -  S ch ierh o ltz  (1 9 7 4 ) in v estig a ted  th e  u n se e d e d  
crysta llisa tion  o f  ca lc iu m  sulphate d ihydrate and fo l lo w e d  the ch a n g e  in  c a lc iu m  
con cen tra tion  during the initial in du ction  p eriod s  and  su bsequ ent g ro w th  at p H  v a lu es  
ra n g in g  fro m  4  .'5 to  6 .6 . W ith in  this range, the p se u d o  first ord er  rate con sta n t d e c re a s e d  b y  
a  fa c to r  o f  three. It w as con c lu d ed  that n ucleation  o f  ca lc iu m  su lphate d ih y d ra te  is  a ffe c te d  
b y  p H . A u stin  et al. (1 9 7 5 ) studied the spon tan eous p recip ita tion  o f  c a lc iu m  su lp h a te  p h ase  
fr o m  sim ulated seaw ater in  the tem perature range o f  125 to  1 5 0 ° C a t  p H  2 .3  to  8 .1 . U n d er  
th is  co n d it io n , the hem ihydrate phase precip itated  first and there w a s  a  r e la t iv e ly  s lo w  
tran sform ation  to the anhydrite phase w ith  the rate in creasin g  w ith  tem pera tu re .
E ffe c t  o f  n ucleation  on  crystal grow th  -  N u clea tion  is the starting p o in t  o f  p re c ip ita tio n  
a n d  is c o m m o n ly  assisted  b y  the presen ce  o f  a fo re ig n  crysta llin e  m a teria l o n  sites fo r  
e x a m p le  w alls  o f  p ipes. Precipitation  and adh erence  can  p ro d u ce  the s c a le  d ep os its . 
S equ estration  is the form ation  o f  so lu b le  m etal io n  c o m p le x e s  the p re s e n ce  o f  su b sta n ces  
w h ic h  w o u ld  n orm ally  g iv e  a precip itate. G row th  o f  crysta ls fr o m  in itia l sm a ll se e d s  is  an 
im portan t m ech an ism  fo r  p rod u cin g  sca le . P recip ita tion  ca u ses  a  d e c re a s e  in  the 
p e rm e a b ility  b y  p lu g g in g  the pores. T he ex is ten ce  o f  im pu rities  an d  ch a n g e s  in  
tem perature or  the v e lo c it ie s  o f  m ix in g  so lu tion s are all im portant. P re c ip ita t io n  b e g in s  
w ith  n u clea tion  and im purities redu ce the en ergy  n eed ed  fo r  n u c le a tio n ; as a  resu lt f in e  
p a rtic le s  can  agglom erate  and d e v e lo p  larger hard particles.
E ffe c ts  o f  agitation  and vaporization  -  A g ita tion  and v a p or iza tion  ca n  in c re a s e  s ca le  
p ro d u c t io n . T he evaporation  o f  w ater e v o lv e s  gas in  o r  around the w e l l  a n d  m a y  ca u se  
supersaturated con d ition s  to  d e v e lo p  p rod u cin g  ca lc iu m  sulphate.
Figure 2.14 gives some indication of which changes occur at which part of an oilfield.
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R eserv o ir
Location Change which could produce scale formation
A  to  B M ix in g  o f  brines fo r  in jection
B  to  C Pressure and tem perature in crease
C  to  D Pressure d ec lin e  and con tin u ed  tem perature in crease
C  to F S olu tion  co m p o s it io n  m a y  b e  ad justed  b y  ca tio n  e x ch a n g e , m inera l 
d isso lu tion  or  other reaction s w ith  the ro ck
D  to  F M ix in g  o f  brines in the reservo ir
E  to  J Pressure and tem perature d ec lin e . R e lea se  o f  c a rb o n  d io x id e  and 
evaporation  o f  w ater due to  the pressure d e c lin e  i f  a  g a s  p h ase  is 
present o r  fo rm s betw een  these lo ca tion s .
F M ix in g  o f  form ation  w ater and in je c t io n  w ater  w h ic h  h as “ b ro k e n  
through”  at the base  o f  the p ro d u ctio n  w e ll
G
M ix in g  o f  brines p rod u ced  fro m  d iffe ren t zo n e s .
H M ix in g  o f  p rod u ced  brine w ith  brin e  fro m  ca s in g  lea k  j
Fig. 2.14 Diagram indicating changes which could produce scale at different locations
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2.3.4 The nature of calcium carbonate scale
C a lc iu m  carbon ate  o r  ca lc ite  sca le  is freq u en tly  en cou n tered  in  o i l  f ie ld  operations. 
A ra g o n ite  and V aterite  are th e  o th er crysta llin e  fo rm s  o f  ca lc iu m  carbon ate , b u t the ca lc ite  
has the greatest stability  in  o i l  f ie ld  c ircu m sta n ces , s o  it is the m o st  c o m m o n  fo rm  o f  
ca lc iu m  carbon ate  en cou n tered  in  o i l  f ie ld  p ro d u ctio n  operation . C a lc iu m  carbonate 
crysta ls  are large, but w h en  th e  s ca le  is fo u n d  togeth er w ith  im purities in  the fo r m  o f  fin e ly  
d iv id e d  crysta ls, then  the s ca le  appears u n ifo rm . D e p o s it io n  o f  C a C 0 3 s ca le  o r  s lu d ge  
resu lts fr o m  p recip ita tion  o f  ca lc iu m  carbon ate  a c co rd in g  to  the fo l lo w in g  eq u a tion :
C a +2 +  C O j 2 —> C a C O :1-2 (2 .7 4 )
A s  it w ill b e  seen  later ca lc iu m  carbon ate  sca le  ca n  a lso  b e  fo rm e d  b y  c o m b in a t io n  o f  
ca lc iu m  and b icarbon ate  io n s , and th is reaction  is  the m a jo r  cau se  o f  ca lc iu m  carbon ate 
sca le  d e p o s it io n  in  o i l f ie ld  op era tion s . T h is  is b e ca u se  o n ly  a sm all p ercen ta g e  o f  the 
b ica rb on a te  ion s  d isso c ia te  at the p H  v a lu es  fo u n d  in  m o st  in je ct ion  w aters to  fo r m  H + and 
C 0 3‘2, as sh ow n  in  F igure 2 .1 5 . (P atton , 1986 )
<u+•»eSa©X!Ua(j
ra—1
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t t
p H
Fig. 2.15- Ionisation of carbonic acid at different p H  values (Patton, 1986)
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C a lc iu m  c a r b o n a te  s o lu b i l i t y
C a rb o n  d io x id e  partial pressu re  e ffe c t  -  A s  o p p o s e d  to  m ost su lphate s ca le s  (C a S 0 4, B a  
S 0 4 and  S r S 0 4) , the p re d ic t io n  o f  carbon ate sca les  requ ires n o t o n ly  the con s id era tion  o f  
p ressu res, tem peratures and  w ater c o m p o s it io n , bu t a lso  the k n o w le d g e  o n  the ch e m ica l 
rea ction s  w ith in  the brin e  and  C 0 2 in  the gas ph ase . M o s t  o i l f ie ld  reserv o irs  con ta in  
ca rb on a te  m ineral cem en ts  an d  ca rb on  d io x id e ; th ere fore  the fo rm a tion  w ater  is  n orm a lly  
saturated w ith  ca lc iu m  ca rb on a te  under reservo ir  co n d it io n s  w h ere  the tem perature ca n  b e  
as h ig h  as 2 0 0  °C  and the pressu re  up  to  30  M P a . W h e n  ca rb on  d io x id e  c o m e s  in  con ta ct 
w ith  w ater, it d is so lv e s  and  fo rm s  ca rb o n ic  a c id  a cco rd in g  to  eq u a tion  (2 .7 5 ) . T h e  
io n isa tio n  o f  ca rb o n ic  a c id  is  illustrated b y  the fo l lo w in g  equations:
C 0 2  +  H 2 0  <-> H 2 C 0 3 (2 .7 5 )
H 2 C 0 3 -h> H +  +  H C O ; (2 -7 6 )
H CC>; o  C O “ 2  +  H +  (2 -7 7 )
F rom  the a b o v e  eq u ation s, it can  b e  seen  that ca rb on  d io x id e  gas d is s o lv e s  in  w ater and 
fo rm s  ca rb o n ic  a cid . T h e  ca rb o n ic  a c id  ion ises  to  fo rm  h y d ro g e n  io n  and b ica rb on a te  ion . 
S in ce  the se co n d  ion isa tion  constant o f  ca rb on ic  a c id  is m u ch  sm a ller  than the first 
ion isa tion  constant, b ica rb on a te  ion s  vastly  ou tn um ber the n u m b er o f  ca rbon ate  ion s  
presen t under n orm al c ircu m sta n ces . It is b e lie v e d  that d isso lv e d  ca lc iu m  carbon ate  d o e s  
n o t ex is t  in  so lu tion  as ca lc iu m  ion s  and  carbonate ion s , but as ca lc iu m  ion s  and 
b ica rb on a te  ion s. T h u s, the p recip ita tion  o f  ca lc iu m  carbon ate  can  b e  e x p re sse d  b y  the 
fo l lo w in g  equ ation :
C a +2 +  2 H C O ~  +-> C a ( H C 0 3) 2 <-» H 20  +  C 0 2 +  C a C 0 3 I  (2 .7 8 )
B y  the p r in c ip le  o f  L eC h a te lier , w e  see that b y  in creasin g  the con cen tra tion  o f  ca rb on  
d io x id e , m ore  ca lc iu m  b ica rb on a te  is fo rm ed . A  d ecrea se  in  ca rb on  d io x id e  con ten t in  th is 
sy stem  at eq u ilib riu m  w o u ld  resu lt in  the fo rm a tion  o f  ca lc iu m  carbon ate . T h e re fo re , it ca n  
b e  seen  that the so lu b ility  o f  ca lc iu m  carbonate is greatly  in flu en ced  b y  th e  ca rb o n  d io x id e  
con ten t o f  the w ater. T h e  am ou n t o f  C 0 2 that w ill d is so lv e  in  w ater is  p ro p o rtio n a l to  the 
partial pressure o f  C 0 2 in  the gas o v e r  the w ater, w h ich  is  the p rod u ct o f  m o le  fra ct ion  o f  
C 0 2 in  gas phase and th e  tota l pressure o f  the system . S o , i f  e ither the sy s tem  pressu re  o r
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the p ercen tage  o f  C 0 2 in  the gas w e re  to  in crea se , the a m ou n t o f  C 0 2 d is s o lv e d  in  the 
w ater w o u ld  a lso  increase. F igu res 2 .1 6  an d  2 .1 7  illustrates the e f fe c t  o f  C 0 2 partial 
pressure o n  the pH  o f  the w ater con ta in in g  little  o r  n o  d is s o lv e d  m in era ls  an d  o n  so lu b ility  
o f  C a C 0 3 in  pure water.
partial pressure C 02, kPa 
Fig. 2.16 Effect of C 0 2 partial pressure on pH of water (Miller, 1952)
Solubility of CaCCU, g/1 
Fig. 2.17 Effect of C 0 2 partial pressure on CaC(>3 solubility (Miller, 1952)
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T his data illustrates that C a C 0 3  s o lu b ility  in crea ses  w ith  in crea sed  C 0 2 partial pressure. 
T h e  e ffe c t  b e co m e s  less p ro n o u n ce d  as the tem perature in creases . T h e  reverse  is a lso  true. 
It is o n e  o f  the m a jo r  cau ses o f  C a C 0 3 s ca le  d e p o s it io n . A t  an y  p o in t  in  the system  w h ere  a 
pressure d rop  is taken, the partial p ressu re  o f  C 0 2 in  the g a s  p h ase  d ecrea ses , C 0 2 c o m e s  
ou t o f  so lu tion , and the p H  o f  the w ater  rises . T h is  sh ifts  rea ction  eq u a tion  (2 .7 8 ) to  the 
right and m a y  cau se  C a C 0 3 p recip ita tion .
E ffe c t  o f  total pressure: T h e  so lu b ility  o f  ca lc iu m  ca rb on a te  in  a  tw o -p h a se  system  
increases w ith  increased  pressure fo r  tw o  reason s :
• In creased  pressure in creases the partia l p ressu re  o f  C 0 2 and in creases the so lu b ility  o f  
C a C 0 3 in  w ater as p re v io u s ly  ex p la in ed .
• Increased  pressure a lso  in creases the so lu b ility  d u e  to  th erm od y n a m ic  con siderations , 
as has b een  d iscu ssed  fo r  the ca se  o f  ca lc iu m  su lphate.
E ffe c t  o f  p H  - T h e  am ount o f  C 0 2 p resent in  the w ater a ffe c ts  the p H  o f  the w ater and the 
so lu b ility  o f  ca lc iu m  carbon ate. H o w e v e r  it rea lly  d o e s  n o t m atter w hat cau ses  the acid ity  
or  a lkalin ity  o f  the w ater. T h e  lo w e r  the p H , th e  le ss  lik e ly  is  C a C 0 3 precip itation . 
C on v erse ly  the h igh er the p H , the m o re  lik e ly  that p rec ip ita tion  w ill o ccu r .
E ffe ct  o f  tem perature -  C ontrary  to  the b e h a v io u r  o f  m o s t  m ateria ls, ca lc iu m  carbonate 
b e co m e s  less so lu b le  as tem perature in creases. T h e  h otter w ater the m o re  lik e ly  the C a C 0 3 
precip itation . H en ce , w ater, w h ich  is  n o n s ca lin g  at the su rfa ce , m a y  result in  sca le  
fo rm a tion  in  the in ject ion  w e ll i f  the d o w n h o le  tem perature is su ffic ie n tly  high. T h e 
general b eh a v iou r o f  C a C 0 3 so lu b ility  as a fu n c t io n  o f  tem perature is sh o w n  in  F ig . 2 .1 8  
(P lu m m er and B u sen berg , 19 8 2 ).
E ffe c t  o f  d isso lv e d  salts -  C a lc iu m  ca rb on a te  so lu b ility  in creases as the d isso lv e d  salt 
con tent o f  the w ater in creases. A c tu a lly , the h ig h er  the total d is so lv e d  so lid s  (n ot cou ntin g  
ca lc iu m  o r  carbon ate io n s ), the greater the so lu b ility  o f  C a C 0 3 in  the w ater and the lo w e r  
the sca lin g  ten d en cy  up to  a m a x im u m  o f  a b ou t 2 0 0  g/1. In  su m m ary  the lik e lih ood  o f  
ca lc iu m  carbonate sca le  fo rm a tion  in creases :
• w ith  tem perature
• as partial pressure o f  C 0 2 d ecrea ses
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• as the p H  increases
• as total d is so lv e d  so lid  con ten t d ecrea ses
£
1
o
GO
<5 
u93
u
Temperature, °C
Fig. 2.18 - Solubility of CaCC>3 in pure water at CO 2 partial pressure of one 
atmosphere (Plummer and Busenberg, 1982)
The prediction of solubility
S olu b ility  ca lcu la tion  m a y  b e  u sed  to  p re d ic t  the form a tion  o f  certain  types o f  sca les . In 
order to  understand w h ere  and  in d eed  if ,  s ca le  w ill  o c c u r  it is n ecessary  to  con s id er  the 
p rocesses  b y  w h ich  o il f ie ld  b rin es b e c o m e  supersaturated, s in ce  o n ly  supersaturated 
so lu tion s  can  fo rm  sca le .
S o lu b ility  M o d e ls : T h e  saturation  ra tio , S R , is  u su a lly  d e fin ed  as the ratio o f  the ion  
activ ity  p rod u ct to  the so lu b ility  p ro d u ct :
S R  [M e ]  [A n ] 
K ,•sp
(2 .7 9 )
W h ere  M e = M g 2+, C a 2+, Sr2+, o r  B a 2+, A n = C 0 3'2 o r  S 0 4'2, and K sp =  so lu b ility  p rodu ct. 
A c t iv ity  is d e fin ed  as the p ro d u ct  o f  the a c t iv ity  c o e ff ic ie n t  and the con cen tra tion . T h e  
a ctiv ity  c o e ff ic ie n t  is a  fu n ctio n  o f  tem peratu re , pressure, and io n ic  strength. It has been
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usefu l to  in c lu d e  the a ctiv ity  c o e ff ic ie n ts  in  the so lu b ility  constant term  so  that the 
m easu red  o r  free  con cen tra tion s  o f  the m eta l and  an ion  are u sed  in  the equations. T he 
so lu b ility  p rod u ct term  is  then  a  fu n c t io n  o f  tem perature, pressure and io n ic  strength [O d d o  
and T o m so n , 1 9 8 2 ]. T h e  resu ltin g  c o n d it io n a l s o lu b ility  p rod u ct term  K sp is then u sed  in
the p red ictiv e  equ ation s. T h e  saturation  ra tio  is a  m easu re  o f  the d eg ree  o f  supersaturation, 
and the d r iv in g  fo r c e  a v a ila b le  to  ca u se  p recip ita tion . T h e  larger the va lu e  o f  
supersaturation , the greater the l ik e lih o o d  that sca le  w ill o c cu r . H o w e v e r , it d o e s  n ot 
p red ict the am ou n t o f  s ca le , w h ic h  w i l l  p recip ita te . T hus, it is p o ss ib le  to  express the 
con d ition s  n ecessa ry  fo r  p rec ip ita tion  in  term s o f  the supersaturation  ratio:
• S R =1 the so lu tion  is  saturated
• S R < 1  the so lu tion  is undersaturated and  p rec ip ita tion  can  n ot o ccu r .
• S R >1 the so lu tion  is saturated and p rec ip ita tion  can  o ccu r .
It is a lso  c o m m o n  to  ex p ress  the d e g re e  o f  supersaturation  and h en ce  the lik e lih o o d  o f  
p recip ita tion  fr o m  a so lu tio n  in  term s o f  the saturation in d ices . T h e  general saturation 
in d ices , SI ca n  then  b e  e x p re sse d  as the log a rith m  o f  the S R :
CT , [M e ]  [A n ]
SI = log—  .. -2 (2.80)
^ s p
SI =  lo g [ M e ] [A n ]  +  p K s p ( T ,p ,s i )  (2 .8 1 )
w h ere  the brack ets  represent co n ce n tra tio n  in  m o la r  units and p K sp=  - lo g  K sp. W h en  SI =  0, 
the so lu tion  is in  eq u ilib r iu m  w ith  the s o lid  s ca le ; an S I> 0 .0  in d icates  a  supersaturated or  
sca lin g  co n d it io n ; an S I< 0 .0  is  a  undersaturated  o r  n on sca lin g  co n d it io n  o f  the so lu tion  
w ith  resp ect to  the sca le  in  q u estion . D e v e lo p m e n t  o f  saturation in d ices  fo r  the variou s 
salts dep en d s o n  fin d in g  K sp v a lu e s  that are a  fu n ctio n  o f  io n ic  strengths, tem peratures, and 
pressures c o m m o n  in  the p e tro le u m  in du stry . T h e  d eriva tion  o f  the sulphate and ca lc iu m  
carbonate SI equ ation s is  a n a lo g o u s  to  that u sed  b y  the investigators to  d e v e lo p  the orig ina l 
SI fo r  CaCC >3 [O d d o  and T o m s o n , 1 9 9 7 ]. T h e  co n d it io n a l constants n eed ed  to  so lv e  the SI 
equ ations fo r  the salts o f  in terest w e re  fr o m  literature data as a  fu n ction  o f  tem perature, 
pressure, and io n ic  strength. T h e  a d va n ta ge  o f  u s in g  experim en ta l so lu b ility  data is  that the 
activ ities o f  the resp ectiv e  m eta l io n s  and  the a n ion  o f  interest n eed  n ot b e  determ ined
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d irect ly  bu t are in c lu d e d  im p lic it ly  in  the co n d itio n a l constants. S o lu b ility  data fo r  the 
sca les  w e re  ob ta in ed  fr o m  the literature fo r  g y p su m  [6 9 -7 0 , 82 ] hem ihydrate, [1 1 , 6 8 ] 
anhydrite, [1 0 , 11, 6 9 , 7 1 ] ce le st ite , [6 8 , 81 , 129 ] and barite. [1 0 , 112] Pressure data fo r  the 
C a S 0 4 system s ca n  b e  fo u n d  in  o r  ca lcu la ted  fr o m  data in  the literature. [1 0 , 95 ] O n ce  data 
sets w ere  lo ca te d  fo r  the so lu b ilit ie s  o f  the salts o f  interest, a n on -lin ear least-squares fit 
[1 3 1 ] o f  the data sets w a s p e r fo rm e d  o n  e a ch  to  fin d  a con d ition a l constant w ith  the n o n ­
linear m o d e l.
T h e  d er iv ed  equ ation s are o f  the fu n ction a l fo rm
p K sp = a  +  b T  +  c T 2 + d p  +  e S i ° ' 5 + f S i ° ' 5T  +  g S i (2 .8 2 )
w h ere  p K sp=  the n ega tive  log a rith m  o f  the co n d itio n a l so lu b ility  p rod u ct. T h e fu n ction al 
fo rm  fo r  tem perature d e p e n d e n ce  is  sim ilar to  that used  b y  B lou n t and D ick so n  [1 9 6 3 ]. 
T h e  fo rm  o f  the io n ic  strength  d ep en d en ce  is  sim ilar to that u sed  b y  M ille r  [1 9 7 9 ]. T h e
cro ss -p ro d u ct  term  (S i0 *5 T )  w a s  in trod u ced  to  a llo w  the con d ition a l so lu b ility  constants 
to  vary  as fu n ction s  o f  io n ic  strength  in  co n ju n ctio n  w ith  tem perature and w as fou n d  to b e  
s ign ifica n t fo r  all salts e x c e p t  ca lc iu m  carbon ate . T he cross  p rod u ct term s b etw een
tem perature and pressu re  and  the se co n d  ord er  io n ic  strength/tem perature (S i T  ) w ere  
fo u n d  to  b e  in s ign ifica n t.
C a lc iu m  sulphate sca le  in d ice s  -  M a n y  in vestigators  have used  d ifferen t m ethods fo r  
p red ictin g  o f  ca lc iu m  su lphate s ca lin g  in d ices  [T o d d , 1984]. S k illm an  et al. [1 9 6 9 ] p lotted  
s o m e  g y p su m  so lu b ility  data. S t i f f  and D a v is  [1 9 5 2 ] in troduced  the first w id e ly  u sed  
ca lc iu m  su lphate so lu b ility  p re d ic t io n  m eth od , a sim p le  em pirica l equ ation  w ith  
c o e ff ic ie n ts  p resen ted  g ra p h ica lly  fo r  v a ry in g  con d ition s . T em p elton  and R o d g e rs  [1 9 6 8 ] 
d escr ib e  an ea sy  m eth od  fo r  p re d ic tin g  anhydrite sca lin g  in  o ilfie ld s . O d d o  and T o m s o n  
[1 9 9 7 ] d e fin e d  another m e th o d  to  p red ict  the s ca lin g  in d ices . C a lcu la tion  o f  SI fo r  the fiv e  
su lphate salts under co n s id e ra tio n  requ ires the con cen tration s o f  the free  m etal and free  
su lphate io n s  b eca u se  o f  th e  co m p le x in g  o r  io n  pa iring  o f  the m etals w ith  sulphate in  
so lu tion . T h e  exten t o f  co m p le x a t io n  d ep en d s o n  the solu tion , tem perature, pressure, io n ic  
strength, and total con ce n tra tio n s  o f  the m eta l and  sulphate ion s. C o m p le x  form a tion  
b etw een  ca lc iu m  and su lph ate  is u sed  as an ex a m p le :
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Ca+2 + S 0 /  ++CaSO® (2.83)
The mass-action stability constant, K st is given by
K St =
C aSO ®
C a + 2 '
1 
1 
GO O ■Cs.
 
I to
 
1 
,, 
1 (2 .8 4 )
CaSOj re fers  to  the neutral io n  pair, o r  c o m p le x  in  so lu tion , n ot to  the so lid . S im ilar 
ch e m ica l eq u ilib r iu m  and stab ility  constants ca n  b e  written fo r  m a gn esiu m , strontium , and 
bariu m  su lphates. T h e  m a ss  b a la n ce  equ ation s fo r  the total d isso lv ed  ca lc iu m , m agn esiu m , 
strontium , bariu m , and su lphate are
c s o . C aSO ® + M g S O ® SrSO ® + B aSO ® + S 0 4 (2 .8 5 )
C C a  =  
CjVlg “
C a
M g
+ 2
+ 2
+
+
C a S O  4
M g S O ®
(2 .8 6 )
(2 .8 7 )
C Sr = Sr
+ 2
S rS O 9 (2 .8 8 )
and
CBa = B a
+2
+ B a S O 9 (2 .8 9 )
w h ere  C x =  tota l m o la r  con cen tra tion  o f  sp e c ie s  x  in  so lu tion  (typ ica lly , the m easured  
am ou n t in  so lu tio n  in  m illig ra m s p er  litre).
Saturation  in d e x  eq u a tion s : T h e  n um erica l va lu es o f  the stability con stan t fo r  the fou r  
su lphate/m eta l io n  c o m p le x e s  are n early  equal at r o o m  tem perature. A ssu m in g  them  to  b e  
equ a l greatly  s im p lif ie s  the ca lcu la tion  p roced u res  and o n ly  cau ses an error o f  ± 0 .1  lo g  
units o r  less  in  any p ra ctica l ca lcu la tion  o f  SI va lu es. W ith  these assu m ptions, equations
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2 .8 4  and  2 .8 5  ca n  b e  s o lv e d  as a quadratic equ ation  fo r  the free  m etal and  su lphate 
con cen tra tion s  in  so lu tion . N u m erica l va lues fo r  K st and p K sp fro m  the literature ca n  then  
b e  ob ta in ed  as fu n ction s  o f  T , p  and sj. T a b le  2 .3  sh ow s the fina l saturation in d ice s  
eq u a tion s . T h e  least square cu rv e  fitted equ ations fo r  p K st and p K sp w e re  then  u sed  to  
ca lcu la te  the SI va lu es  fo r  pu b lish ed  equ ilib riu m  so lu b ility  data. B e ca u se  these 
ex p erim en ts  are assu m ed  to  b e  at equ ilibriu m , the ca lcu la ted  SI va lu es sh ou ld  b e  ze ro .
logKst =1.86 + 4.5xl0_3 T-1.2xl0"6 T2 +10.7xl0"5 p-2.38Si°'5 +0.58Si°‘5
-3 0 5 (2 -9 0 )
-1.3x10 Si ’ T
C a lcu la ted  free  su lphate:
rc 2_ n _  -  {1  +  K st ( I C M -  C S04)  } +  { [1  +  K sl( 2 C M -  C S04) ] 2 +  4 K a C S04 }°'5
( 4 J ”  ^  (2 .9 1 )
C a lcu la ted  fre e  m etals:
[M  ] --------------- M  2 _  (2 .9 2 )
l +  K s t[S o 4  ] 
C a lcu la ted  saturation  in d ices  (gen era lly  fo r  any S ca le )
[ M S o 4 ] =  l o g { [ M 2 + ] [ S o 4 " ] }  +  a +  b T  +  c T 2 + d P  +  e S i 2 + f  Si +  g S i 2 T
(2 .9 3 )
Table 2 .3  - Saturation Indices equation for sulphate scaling solubility product
Salt Scale a b c d e f g
CaS04.2H20 3.47 1.8xl0‘3 2.5 xlO*6 -5.9x10*5 -1.13 0.37 -2 .0x10*3
CaS04. £  H20 4.04 -1.9x10’3 11.9x1 O'6 -6.9 xlO*5 -1.66 0.49 -0.66x10*3
CaS04 2.52 9.98x10'3 -0.97x106 -3.07xl0*5 -1.09 0.5 -3.3 xlO*3
SrS04 6.11 2 .0x10‘3 6.4x1 O'6 -4.6x10"5 -1.89 0.6 -1.9xl0*3
BaS04 10.03 -4.8x10'3 11.4x1 O'6 -4.8x10*5 -2.62 0.89 -2 .0x10*3
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C a lc iu m  ca rb on a te  s ca lin g  in d e x  -  M a n y  investigators d e v e lo p e d  d iffe ren t m eth od s  fo r  
p re d ic t io n  o f  ca lc iu m  carbon ate  sca lin g . L a n gelier  [1 9 3 6 ] b y  a p p ly in g  the th e o ry  o f  
ch e m ica l eq u lib r ia  p ro d u ce d  the fo l lo w in g  em p irica l equation :
w h ere : p H  =  A ctu a l p H  o f  the w ater 
p H s =  p H  at saturation
k  =  a  fu n ction  o f  the ca rb o n ic  a c id  and d issoc ia tion  constant and the so lu b ility  
p ro d u ct  o f  c a lc iu m  carbon ate . L a n gelier  g iv e s  va lu es fo r  d ifferen t con d ition s .
p C a +2 =  lo g  (1 /m o le s  o f  C a+2 p er litre)
p A L K =  lo g  (1 /equivalents total a lkalin ity  p er litre)
T o ta l A lk a lin ity  =  C 0 3‘2 +  H C O 3'
A s  p re v io u s ly  ex p la in ed , i f  S IX ), p recip ita tion  o f  C a C 0 3 is likely . A  n eg a tiv e  v a lu e  o f  SI 
in d ica tes  that the w ater is c o r ro s iv e  i f  d isso lv e d  o x y g e n  is present. V a lu es  o f  the em p ir ica l 
con stan ts  in  p re v io u s  equ ation  are g iv en  e lsew h ere  fo r  m ola l io n ic  strengths o f  0 - 0 .0 2  ( 0 -  
8 0 0  p p m  T D S )  and tem perature o f  0 -9 0  °C  (3 2 -1 9 4  °F ). U n fortunately , the m e th o d  w a s 
lim ited  to  fre sh  w ater. T h is  in d ex  ind icates the ten d en cy  o f  w ater to  p recip ita te  ca lc iu m  
ca rb on a te , it d o e s  n ot in d ica te  the am ount o f  precip itate.
F o r  th is rea son  this m o d e l w as m o d ifie d  b y  R yzn ar (1 9 4 4 ) (see  E q. 2 .9 5 ) . T h is  has b e e n  
s u cce ss fu l b e ca u se  it n o t o n ly  ind icates the ten d en cy  o f  w ater to  p recip ita te  ca lc iu m  
ca rb on a te  (to  b e  co rro s iv e  i f  it is saturated w ith  o x y g e n ), but a lso  g iv es  a  sem i quantitative 
estim ate  o f  th e  am ou n t o f  sca le  w h ich  w ill fo rm  o r  the seriousness o f  the co r ro s io n .
L S I =  p H  -  p H s  =  p H  - (k  +  p C a  +  p A L K ) (2 .9 4 )
R S I  =  2 p H s  -  p H  =  2 k  -  lo g [C a + 2  ] -  lo g [A L K ] +  9 .3 0  +
2 .5 7 p
- p H  (2 .9 5 )
1 +  5.3-Tp  + 5 .5 p
w h ere : C a +2 =  C a lc iu m  io n  con cen tra tion , p p m
A L K Y = C 0 3'2 +  H C 0 3'  con cen tra tion , p p m  as C a C 0 3
\x — M o la l  io n ic  strength
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k = Empirical constants measured by Langelier
p H  =  A ctu a l p H  o f  the w ater
p H s =  p H  at saturation
R y zn a r  Stability  In d ex  va lu es are a lw a y s  p os it iv e . R S K 5 .5  in d ica tes  that C a C 0 3 s ca le  
fo rm a tion  is  lik e ly . T h e  sm aller the in d ices , the larger the a m ou n t o f  s ca le  in d ica ted . A
stab ility  in d ex > 5 .5  in d icate that co rro s iv e  con d ition s  are present. T h e  la rger  in d e x , the 
m o re  severe  the anticipated  co rros ion . T h e  C aplan  n om og ra p h  in  A p p e n d ix  E l  ca n  b e  u se d  
to  determ in e the R yzn a r  and L an gelier in d ices .
S t i f f  and D a v is  [1 9 5 2 ] em p ir ica lly  ex ten ded  the L an gelier m eth od  b y  d eterm in in g  k  v a lu e s  
fo r  o i l f ie ld  brines in  variou s con cen tra tion s and tem peratures.
A p p e n d ix  E 2 w ith  io n ic  strength and the tem perature o f  the w ater. 
p C a  : lo g  (1 /m o le s  o f  C a+2 per  litter)
p A L K  : lo g  (1 /equ iva len ts  total a lkalin ity  p er  litter), total a lk a lin ity  =  CO3'2 +
SI=  p H -K -p C a -p A L K (2 .9 6 )
w h ere :
SI
is S tability  in dex . I f  SI is n egative , the w ater is undersaturated w ith  
C a C 0 3 and sca le  form a tion  is un likely . I f  SI is p o s it iv e , sca le  is  lik e ly  
to  fo rm .
K
is constant w h ich  is  a  fu n ction  o f  sa lin ity , c o m p o s it io n  and  w a ter  
tem perature. V a lu es  o f  K  are obta ined  fro m  a grap h ica l co rre la t io n  in
HCCV
T h e  io n ic  strength is:
(2.95)
where: C  is concentration of the ion in mole/litter and Z is valence of the ion.
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In ord er to  ca lcu late SI w e  m ust k n o w  the tem perature, p H , and  the H C O 3'  and  C O 3"2 
con cen tra tion s. In a dd ition  a  co m p le te  w ater analysis  is n ecessa ry  to  en a b le  ca lcu la t io n  o f  
the io n ic  strength.
U n fortun ately , ev en  fie ld  m easurem ents o f  p H  va lu es w ill n o t s u ff ic e  w h e n  attem ptin g  to
ca lcu la ted . E quations are g iv e n  in  the fo l lo w in g  section , w h ich  en a b le  ca lcu la t io n  o f  p H  
va lu es  at e levated  pressures and tem peratures. A  chart fo r  d eterm in ation  o f  p C a  an d  p A L K  
is  g iv e n  in  A p p e n d ix  E 3.
O d d o  and  T o m so n  [1 9 9 7 ] have m ore  recen tly  d e v e lo p e d  a m eth od  to  ca lcu la te  saturation  
in d ices , SI, fo r  ca lc iu m  carbonate sca le , w h ich  in c lu d es  the e f fe c t  o f  p ressu re . T h e  m eth od  
en ab les  the ca lcu la tion  o f  p H  in  tw o -p h a se  system s (g a s  p lu s  w ater), and  co n s id e rs  total 
pressure as w e ll as vary in g  C 0 2 partial pressure. T h e  equ ation s are g iv e n  as fo l lo w s :
a p p ly  th is m eth od  to  d o w n h o le  con d ition s  in  p ro d u c in g  o r  in je c t io n  w e lls . T h e  p H  m u st b e
T w o  phase system  (G a s  phase p resent) w h ere  p H  is u n k n ow n
+  5 .85  +  1 5 .1 9 x 1 0  - 1 . 6 4 x 1 0  6 T 2
(2 .9 7 )
- 5 . 2 7 x 1 0  5 p - 3 . 3 3 4 S i° ' 5 + 1 .4 3 1  Si
C O 2  1A- 4  0 .2 5 5
fa  = e x p  p  ( 2 . 8 4 x 1 0 ----------------- )  and
8  T  +  4 6 0
C02 (2 .9 8 )
p f e ° 2 (5 B W P D  +  1 0 B O P D )x lO  5
1 +  — ^ -
M M S c f  (T  +  4 6 0 )
T w o  phase system  w h ere  pH  is k n o w n  o r  ca n  b e  ca lcu la ted
SI =  log [ [C a 2 + ] [ C 0 2 “ ] ] + p H - 2 . 7 6 +  9 .8 8 x 1 0  3 T  +  0 .6 1 x l0  6 T 2 
-  3 .03 x 10_ 5 p - 2 .348  S i° '5 + 0 .7 7 S i
(2.99)
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pH = log [ H C O 3]
c o 2  f c o 2
p y g  f g
+ 8.60 + 5.31x10 3T
2 .2 5 3 x 1 0  6 T 2  -2.237x 10 5p - 0 . 9 9 0  S i ° ' 5 +  0 .6 5 8  Si
S in gle  phase (gas  ph ase  absent! and p H  is  k n o w n  o r  ca n  b e  ca lcu la te d
SI =  lo g
[C a + 2 ] [ H C 0 3 ]
c o l
C  2 aq
+  3 .63  +  8 .6 8 x 1 0  3 T  +  8 .5 5 x lO  V
- 6 . 5 6 x 1 0  5 p - 3 . 4 2 S i ° ‘5 + 1 .3 7 3 S i
p H  =  log
[H C O 3 ]
C 0 0
C  2 aq
+  6 .3 9 - 1 .1 9 8 x 1 0  3 T  +  7 .9 4 x 1 0  6 T 2
- 3 . 5 3 x 1 0  5 p - 1 .0 6 7  S i° ’5 + 0 .5 9 9  Si
Calculation o f the amount of scale formed
(2.100)
(2 . 1 0 1 )
(2 .1 0 2 )
It is  p oss ib le  to estim ate the m axim u m  am ou n t o f  s ca le , w h ic h  c o u ld  fo r m , assu m in g  that 
the system  is in equ ilibriu m . I f  a  so lu tion  is  supersaturated  w ith  a  sa lt (s u c h  as C a C 0 3, 
C a S 0 4, B a S 0 4> or  S r S 0 4) ,  precip itation  can  b e  e x p e c te d .
In this case, let us con s id er  the general ca se  o f  the fo rm a tio n  o f  a  m in e ra l s ca le , M A . T h e 
general reaction  is g iv en  as:
M * 2 + A "2 - o - M A (2 .1 0 3 )
A ssu m in g  that the so lu tion  is supersaturated w ith  re sp e c t  to  M A :
[M ] [A ] >  K sp
I f  the so lu tion  is a llo w e d  to  reach  equ ilib riu m , M A  w ill  p re c ip ita te  u n til the so lu tion  
reaches its saturation p o in t w ith  M A . S in ce  o n e  m o le  o f  M *2 a n d  o n e  m o le  o f  A'2 are
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requ ired to  m ake on e  m o le  o f  M A , the co n ce n tra tio n  o f  b o th  io n s  w i l l  b e  d ecrea sed  b y  on e  
m o le  fo r  each  m o le  o f  sca le  w h ich  p recip ita tes .
L et p  equal the n um ber o f  m o le s  o f  M A , w h ic h  p re c ip ita te  in  th e  a ct o f  rea ch in g  saturation, 
then:
R earranging:
K sp =  [M -p ]  [A -p ]
p 2 - (M  +  A )  p  +  M A  -  K sp = 0
T ak in g  the negative roo t o f  the resu lting  qu adratic  e q u a tio n :
P =
(M  +  A ) ~ ( M - A ) 2 + 4 K sp
0.5
2
let
then
G  =  (M  +  A )  and  X  =  ( M - A )
p (m o le s / l )  =  
g iv es  the fo l lo w in g  relationsh ip
p (m g  /1 )  =  5 0 0 (M W )
G  - ( X 2 + 4 K  ) ° 5
2 0 5
G - ( X  + 4 K  )  v s p -7
(2 .1 0 4 )
(2 .1 0 5 )
(2 .1 0 6 )
(2 .1 0 7 )
(2 .1 0 8 )
(2 .1 0 9 )
T h is  equation  can  b e  used  to  ca lcu la te  the m a x im u m  a m ou n t o f  a n y  sca le , w h ich  co u ld  
precipitate.
U se  of the Computer for Scaling Prediction
S olu b ility  ca lcu la tion s can  b e  rather ted iou s . I f  a  la rg e  n u m b e r  o f  p re d ic t io n s  are to  b e  
m ade, it is o ften  desirable to  p rogram  the p re d ic t io n  m e th o d s . A  co m p u te r  p rog ra m  w ill  b e  
presented w h ich  is based  o n  the m eth od s  o f  p r e d ic t io n  s ca lin g  p r o b le m . T h is  p rogra m  takes 
in to a ccou nt the e ffe c t  o f  all the im portant p aram eters  o n  s c a lin g  p h e n o m e n a  and a lso  
con sid ers  the sim ultaneous precip ita tion  and  d e p o s it io n  o f  v a r io u s  m in era ls  in  the scale
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fo rm a tion  p rocesses . T h e re fo re , it ca n  b e  u sed  as a  re lia b le  to o l to  p red ict the ten den cy  fo r  
sca le  fo rm a tion  in  o i l  f ie ld  w a ter  re la ted  op era tion s  su ch  as p rod u ction  operations in  o il 
and g a s  fie ld s  w ith  h ig h  w a ter  saturation , w a ter  f lo o d in g  and w ater d isp osa l in  in jection  
w e lls .
E v a lu a t io n  o f  I n c o m p a t ib i l i t y :  O n e  o f  the p r im a iy  cau ses o f  sca le  fo rm a tion  and 
in je c t io n  w e ll p lu g g in g  is  m ix in g  o f  w ater fr o m  tw o  o r  m ore  sou rces  w h ich  are 
in com p a tib le . T h e  w ater n a tiv e  to  the fo rm a tio n  to  b e  in jected  to  is  in  ch em ica l 
eq u ilib r iu m  w ith  the ro ck , the h y d ro ca rb o n s  an d  a n y  other m aterials present in  the 
fo rm a tion  (e .g . C 0 2, N 2, H 2S , e tc .) . T h e  w a ter  c h o s e n  fo r  in je ct ion  is in  equ ilibrium  
w ith  its o w n  en v iron m en t, w h ic h  is  n o rm a lly  q u ite  d if fe re n t fro m  that o f  the form ation  
in to  w h ich  it is  in jected . A n y  in je c t io n  a u tom a tica lly  leads to  readjustm ent o f  the 
co m p o n e n ts  present in  the m ix tu re  o f  tw o  w aters  as s o o n  as the in ject ion  w ater enters 
the form a tion . T h e re fo re , i f  tw o  w a ters  are m ix e d , in teraction s b etw een  ion s  d isso lved  
in  the in d iv idua l w aters m a y  fo r m  in so lu b le  p ro d u cts . W h e n  such  precip itates occu r, 
the w aters are said  to  b e  in c o m p a t ib le . S ev ere  p ro b le m s  usually  o c cu r  after in jection  
w aters breakthrough  in to  the p r o d u c in g  w e lls  w h ere  the w ater stream s m a y  blend  in 
arbitrary p rop ortion s . A s  the p e rce n ta g e  o f  in je c t io n  w ater in  the p rod u ced  w ater 
in creases, sca le  fo rm a tion  o n  the p ro d u c t io n  s id e  m a y  b e c o m e  v e ry  severe.
R esu lts ob ta ined  b y  ru nn ing  the co m p u te r  p ro g ra m  fo r  sea, river and d isposa l w ater 
in je c t io n  p ro ce sse s  in  the N o rth  S e a  and  in  s o m e  Iranian  o il  fie ld s  are d iscu ssed  in Chapter
4.
D e s c r ip t io n  a n d  p r o c e d u r e  o f  p r o g r a m :  T h e  first step  o f  the p rogram  is to  use the w ater 
an a lysis  and  p h y s ica l c o n d it io n  to  d e term in e  the s ca lin g  potentia l. I f  sca le  is expected  to 
fo rm , the n ext step  is  to  u se  k in e t ic  and  w e ll  data  to  co m p u te  the sca le  d ep osition .
T h e  ov era ll p roced u re  and steps f o l lo w e d  in  th e  p rog ra m  to  handle sca lin g  pred iction  
ca lcu la tion s  are su m m arised  as f o l lo w s :
1) P h y s ica l co n d it io n s  (tem p era tu re  and  p ressu re ) con s id ered  fo r  m o d e llin g  input to, 
p rogram .
2 )  C o m p o s it io n  and p H  o f  the w aters  to  b e  m ix e d  (o r  w ater i f  m ix in g  is n ot desired ) input 
to  the m o d e l.
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3 ) p H  va lu es o f  the in je c t io n  and  fo rm a tio n  w a ter  con s id ered  fo r  m o d e llin g  input to 
p rogram .
4 )  C o m p o s it io n  o f  m ixtu re  ( i f  m ix in g  is d e s ire d ) w i l l  b e  com p u ted  w ith  regard to  the 
m ix in g  ratio va lu e . W h e n  m ix in g  o f  w aters  is  d es ired , the p rogra m  w ill  b e  run fo r  all 
p o s s ib le  va lu es o f  m ix in g  ratio  fr o m  0 %  o f  th e  first w ater ( 1 0 0 %  o f  se co n d  w ater) to  
1 0 0 %  o f  it ( 0 %  o f  s e co n d  w ater)
5 ) T h e  va lu es o f  saturation  in d ice s  w i ll  b e  c o m p u te d  fo r  all fo u r  m inera ls  b y  u sin g  the 
su broutine con s id ered  fo r  su ch  p u rp oses .
6 )  T h e  saturation in d ices  ob ta in ed  fr o m  the p r e v io u s  stage w ill b e  com p a red . P recip itation  
ca lcu la tion s  w ill then  b e  d o n e  fo r  th e  m in era ls  w ith  the h igh est va lu e  o f  saturation 
in d ex . I f  a ll o f  the saturation  in d e x  v a lu es  are n eg a tiv e , all m inera ls are undersaturated 
and n o  sca le  is e x p e c te d  to  fo rm . T h e  p ro g ra m  w ill  send  a  m essa g e  that there is n o  
p o ss ib ility  o f  sca le  d e p o s it io n  and  th en  the run  is  term inated.
7 ) A fte r  the d ep os ition  o f  the first m in era l th e  resu ltin g  w ater c o m p o s it io n  w ill b e  
com p u ted .
8 )  S teps 6  and 7 w ill b e  repeated  seq u en tia lly  w ith  a  p recip ita tion  ca lcu la tion  fo r  all fou r  
m inerals.
9 ) N o w  w ith  con sid era tion  o f  the v a lu es  o f  s o lu b ility  p rod u ct constants, w h ich  have been  
com p u ted  in  the sequentia l p re c ip ita tion  ca lcu la tio n s  (stage  5 , 6  and 7 ), the set o f  
s im ultaneous equ ation s is estab lish ed  an d  s o lv e d .
10) A g a in , n e w  con cen tra tion s  o f  the d e p o s ite d  s p e c ie s  in  w ater (a fter fin a l equ ilibriu m  
co n d it io n ) are com p u ted .
11) T h e  n e w  va lu es o f  so lu b ility  p ro d u ct  con sta n ts  are com p u ted  fo r  a ll fou r  m inerals 
based  o n  the w ater c o m p o s it io n  o b ta in e d  fr o m  the p re v io u s  stage. T h ese  va lues w h ich  
are com p u ted  after a ll stages o f  s ca le  d e p o s it io n  are the so lu b ility  p ro d u ct  constants at 
the fina l eq u ilib riu m  co n d it io n .
12) T h e  saturation in d ices  fo r  a ll m in era ls  are c o m p u te d  b y  u sin g  the in itial con cen tra tion  
and so lu b ility  p rod u ct con stan ts  at fin a l eq u ilib r iu m  con d ition .
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13) C o n v e rg e n ce  w ill  b e  c h e c k e d  at th is  stage. I f  the saturation in d ices  o f  all m inerals are 
u n ch an ged  fr o m  the p re v io u s  ite ra tion  w ith in  the requ ired  to lerance , the final result is 
a ch iev ed  and the resu lts p rin ted . O th erw ise , the iteration  p rocess  w ill b e  con tin u ed  and 
stage 6  to  13 repeated  until sa tis fa cto ry  co n v e r g e n c e  is  a ch ieved .
1 4 ) I f  d ifferen t w ater stream s are to  b e  m ix e d , the p rogra m  run w ill b e  repeated  fo r  other 
w ater m ix in g  ratios.
Practical laboratory method for scaling tendency prediction: T here are tw o  basic  
m eth od s  in  general u se  b y  o i l  an d  ch e m ica l s e rv ice  com p a n ies : T h e  static sca le  
p recip ita tion  m eth od  and  the d y n a m ic  “ tube b lo c k in g ”  tech n iqu e. T h e  static 
p recip ita tion  m eth od  w a s d e v e lo p e d  b y  B ritish  P etroleu m  research , Sunbury; the 
d y n a m ic  test m eth od  o r ig in a ted  b y  S h ell P etro leu m  but has been  m o d ifie d  and 
im p ro v e d  b y  others.
S tatic S ca le  P recip ita tion  M e th o d : T h e  m eth od  is  essen tia lly  a  beaker tech n iqu e w h ereb y  
fo rm a tion  w ater (e ith er real o r  sy n th es ised ) is m ix e d  w ith  seaw ater in  a n um ber o f  v o lu m e  
ratios, gen era lly  fro m  9 0 :1 0  to  1 0 :9 0  fo rm a tio n  w ater to  seaw ater. T h e  p H  va lu es o f  waters 
to  b e  m ix e d  are ad ju sted  to  6 .0  p r io r  to  m ix in g . T h e  m ix e d  w aters are h e ld  at a tem perature 
o f  7 0  °C  fo r  a  f ix e d  tim e  p e r io d  (u su a lly  16 h ou rs ) a fter w h ich  each  is separately  filtered  
through  a 0 .45  p m  M illip o r e  filter. T h e  con cen tra tion s  o f  ca lc iu m , barium , and strontium  
rem ain in g  in  so lu tion  are then  d eterm in ed . T ests are carried  ou t o n  "b lank s" (n ot 
con ta in in g  sca le  in h ib itor) and  th en , i f  the in ten tion  is to iden tify  the best inh ib itor 
ch e m ica l, o n  a n u m b er o f  poten tia l ca n d id a te  ch em ica ls  at a range o f  con cen tration s. A  p lo t  
o f  in h ib itor e ff ic ie n c ie s  at a g iv e n  d o s e  le v e l fo r  the range o f  w ater ratios con sid ered  w ill 
in d ica te  the ranking o f  the ch e m ica ls  stu d ied . B y  con s id er in g  a  range o f  d o se  lev e ls  the 
best p er fo rm in g  ch e m ica l and its o p t im u m  a p p lica tion  lev e l m a y  b e  determ ined.
T h e  m eth od  is  a p p lica b le  to  s ca le  in h ib ito r  p er fo rm a n ce  eva luation  fo r  ca lc iu m  carbonate, 
ca lc iu m  sulphate, b a riu m  su lphate, an d  strontium  sulphate sca lin g  either s in g ly  o r  in  
co m b in a tio n  b y  preparation  o f  su itab le  syn th etic  w ater m ixtures.
D y n a m ic  "T u b e  B lo c k in g "  T e st : V a riou s  testin g  units are in  use in  the o ilf ie ld . T h e  basic  
p r in c ip le , h o w e v e r , is  e ssen tia lly  the sa m e . T h e  m eth od  d epends on  the rate at w h ich  the 
pressure d rop  in creases th rou g h  a  standard  len gth  o f  cap illa ry  tubing. T h e  tu bin g  b ore  
d iam eter is n orm a lly  o f  the o rd er  o f  1 .0  m m ; the length  is  dependent o n  ind ividual
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p re fe ren ce  but sh ou ld  b e  n o  le ss  than  1 m etre. G en era lly  stainless steel tu b in g  w ou n d  in to a 
c o i l  is  used . C are  m u st b e  taken  to  en su re  that the tu b in g  con figu ra tion  is the sam e fo r  ea ch  
com p a ra tive  test s in ce  ch a n g e s  in  b e n d  radius w ill  s ign ifican tly  alter the results. T he 
apparatus is  sh o w n  in  F ig u re  2 .1 9  set-up  fo r  ca lc iu m  carbonate [Joh n son , 19 8 3 ]. It 
con s is ts  o f  a  w ater storage  re se rv o ir  f o r  the w ater under investigation  and a se con d  
reserv o ir  con ta in in g  either a  s o lu t io n  o f  sca le  in h ib itor  to  b e  evaluated o r  the se con d  w ater 
w ith  o r  w ith ou t ad d ed  sca le  in h ib itor . T w o  variab le  speed  peristaltic p u m p s accu rately  
c on tro l f l o w  fro m  the tw o  reserv o irs . T h e  tw o  f lo w s  are m ix ed  in  the m a gn etica lly  stirred 
m ix in g  unit fr o m  w h ere  the m ix e d  w aters  (o r  w ater m inu s sca lin g  io n  +  w ater w ith  sca lin g  
io n  and sca le  in h ib itor) are tran sferred  to  the test c o il .
T h e  c o i l  is im m ersed  in  a  con sta n t tem perature bath  at the test tem perature. F lo w  fro m  the 
c o i l  is  to  w aste  o r  m a y  b e  c o l le c te d  in  an autom atic  sam pler fo r  determ in in g  the io n  
analysis. T ransdu cer, the s ign a l fr o m  w h ich  is a m p lifie d  and d isp layed  o n  a  m o v in g  chart 
record er, m easu res the p ressu re  ch a n g e  across  the cap illa ry  tube. T he unit d escr ib ed  is  a 
low -p ressu re  system  g en era lly  op era tin g  u p  to  2  bar. O ther m ore  soph istica ted  units h ave  
b een  d es ig n ed  to  w o r k  at ty p ica l re se rv o ir  pressures. T h e  test p roced u re  is rap id  and fou n d
Fig. - 2.19 Schematic representation of dynamic tube blocking apparatus set-up for 
calcium carbonate work [Johnson, 1983]
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2.4 Conclusions of literature review
T h e  fo l lo w in g  c o n c lu s io n s  su m m a rise  the literature r e v ie w  results:
A . G en era l c o n c lu s io n s  reg a rd in g  fo rm a tio n  dam age:
1) D e e p  filtra tion  is  th e  resu lt o f  sev era l m ech a n ism s su ch  as the con tact o f  particles w ith  
the reten tion  s ites , th e  f ix in g  o f  p a rtic les  o n  sites and the breaking a w a y  o f  p rev iou s ly  
reta ined  pa rtic les .
2 )  T h e  p r o b le m  to  b e  s o lv e d  co n s is ts  o f  relating the c lo g g in g  rate to  the variou s fa ctors , 
w h ic h  d e fin e  the sy stem .
3 ) T h e  ra n d om  m o v e m e n t  o f  su sp en d ed  particles  in  a tortuous f lo w  path  is m a in ly  
re sp o n s ib le  fo r  tra n sp ortin g  the p a rtic les  either d irectly  to the grains o r  c lo s e  en ou gh  to  
the gra in  su rfa ce  f o r  o th er  fo r c e s  to  b e c o m e  e ffe ct iv e .
4 )  T h e  fina l stage  o f  p o r e  p lu g g in g  is related  n ot o n ly  to the initial p o re  v e lo c ity  and 
re la tive  p a rtic le  an d  p o r e  s iz e s , b u t a lso  to  the ch ange in pore  v e lo c ity  as the p o re  
sp a ces  are b lo c k e d .
5 ) T h e  pressure d ro p  ch a n g e s  d u rin g  in je ct io n  together w ith  an increase in  the num ber o f  
e fflu en t p a rtic les , is  an  in d ica t io n  o f  particles  b e in g  sim ultaneously d is lod g ed .
B . L in ear in iee tion  o f  p a rtic le  su sp en s ion s :
1) A  p artic le  c o n ce n tra tio n  o f  1 p p m  w ith  particles s ized  b e lo w  about 2 0  p m  sign ifica n tly  
red u ces  th e  p e rm e a b ility  o f  v e r y  h ig h  p erm eab ility  sandstone cores.
2 )  T h e  ratio o f  m e a n  p o r e  s ize  to  m ea n  particle  s ize  is n ot a su ffic ien t criterion  fo r  
ex p la in in g  th e  d a m a g e  t o  th e  co re s .
3 )  S u b m icro n  p a rtic le s  p en etra te  to  substantial in va sion  depths and are trapped  at variou s 
lo ca t io n s  in  the co r e .
4 )  T h ere  is  an  e x p o n e n t ia l re la tion sh ip  b etw een  perm eab ility  redu ction  and  the particle  
con ce n tra tio n  in  th e  in je c te d  su sp en s ion .
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5 )  T h e  rate o f  im p a irm en t d ecrea ses  w ith  in creasing  f lo w  v e lo c ity  and it is  v ery  sen sitive  
to  v e lo c i t y  ch a n g e s  at l o w  v e lo c ity  lev e ls .
C . P lu g g in g  m e ch a n ism  m o d e llin g :
1) T h e  r o c k  m a trix  w a s  m o d e lle d  as h a v in g  tw o  con tinuous, parallel branches o n e  o f  
sm a ll p o r e  s ize  in  w h ic h  p lu g -ty p e  d ep osits  o f  fin es m ay occu r , and the other o f  larger 
p o r e  s iz e , in  w h ic h  o n ly  su rfa ce  n on -p lu g g in g  deposits o ccu r . T his assum ption  leads to  
th e  d e fin it io n  o f  th e  p r o c e s s  o f  su rface  d ep os ition  and p lu gg in g  deposition .
2 )  P a rtic le  b lo c k in g  m a y  b e  m o d e lle d  as three separate m echanism s: gradual p o re  fillin g , 
p o r e  th roat b lo c k in g  and filter ca k e  form ation . H ow ever, all three m ech an ism s m a y  
o c c u r  s im u lta n eou s ly .
3 )  T h e  tota l p ressu re  d ro p  th rou gh  a m ed iu m , w h en  a particle suspension  is in jected  has 
b e e n  m o d e l le d  as the pressure d rop  o v e r  the dam aged  section  plus the pressure d rop  
o v e r  the u n d a m a g ed  section . T h is  requires the invasion  depth o f  particles to  b e  
ex p e r im e n ta lly  m easu red .
4 )  P artic le  in v a s io n  w a s  m o d e lle d  b y  in trodu cin g  the transition tim e (the tim e o f  w h ich  n o  
m o re  p a rtic le s  in v a d e  the ro ck , i.e . the tim e at w h ich  the initial layer o f  external filter 
ca k e  is  c o m p le te ly  fo rm e d ) . B a sed  o n  the m atrix grain s ize  and the in jected  p article  
s iz e , a tran sition  tim e  ca n  b e  ca lcu la ted . T hen  app ly in g  an internal cake filtration  m o d e l 
b e fo r e  th e  tran sition  tim e  and  an external cake filtration m od e l after the transition  tim e 
ca n  a p p ro x im a te  the en tire filtration  p rocess . A  sim ilar m od e l w as d e v e lo p e d  w h ich  
u ses  the cr it ica l ja m m in g  ratio at the entry fa ce  (ratio o f  pore  throat to  particle  s iz e ) 
in stead  o f  the tran sition  tim e. T h e  ca lcu la tion  o f  the transition tim e o r  the critica l 
ja m m in g  ratio  is  a  c o m p le x  p ro ce ss  requ iring m any assum ptions.
5 )  T h e  in v a s io n  p r o c e s s  has a lso  b e e n  m o d e lle d  b y  the relationship betw een  so lid  particles  
c o n ce n tra tio n  an d  instantaneous r o c k  p oros ity  w h ich  is based  on  the fa ct  that so m e  o f  
th e  s o lid s  in  the su sp en s ion  are reta ined  in  the m atrix redu cin g  its p orosity . T h e  e ffe c t  
o f  the s iz e  o f  the p a rtic le s  w a s  n o t con s id ered  in  this m od e l. A  relationship b etw een  the 
in itia l p e rm e a b ility  an d  th e  d am aged  p erm eab ility  as a fu nction  o f  altered p o ro s ity  has 
a lso  b e e n  d e v e lo p e d  in  the literature. T h ese  tw o  m od e ls  assum ed that the red u ction  in
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m a trix  w a s  o n ly  due to  p o re  fillin g  and that there is n o  p lu g g in g  o r  b r id g in g  o f  p o r e  
throats.
6 )  T h e  ca p a b ility , the n um ber o f  m o d e l param eters, and the com p u ta tion a l e f fo r t  in cre a se  
w ith  the co m p le x ity  o f  m od e ls .
7 )  T h e  rate exp ress ion s  d e v e lo p e d  fro m  s im p lified  th eoretica l a p p ro a ch e s  d o  n o t  
sa tis fa ctory  represent the com p lica ted  p rocesses  o ccu rr in g  in  irregu la r  p o r o u s  
structures.
8 )  A lth o u g h  so m e  m o d e l param eters can  be m easured d irectly , th is m a y  h o ld  f o r  
s im p lif ie d  m o d e ls  under certain  restrictions.
9 )  T h e  experim en ta l data reported  in  the literature la ck  su ffic ien t in fo rm a tio n  re q u ire d  b y  
v a riou s  m od e ls . T h e  authors have usually reported  o n ly  s p e c if ic  data  re q u ire d  to  
va lid a te  their m od e ls . T h e  s p e c if ic  in form ation  requ ired b y  v a riou s  m o d e ls  an d  the 
a p p lica tion  lim its o f  the m o d e ls  depend  on  the nature o f  the m o d e l eq u a tion . T h e re  is  a 
n e e d  to  generate a co m p le te  and reliab le  database that can  b e  shared b y  a ll th e  m o d e ls .
1 0 ) A  g en era lised  m o d e l sh ou ld  incorporate all the features o f  the v a r io u s  m o d e l l in g  
a p p roa ch es , e .g . better sem i-analytica l o r  experim ental corre la tion s  f o r  v a r io u s  rate 
equ ation s , and  a d y n a m ic  relationship  b etw een  perm eability , p o ro s ity , a n d  d e p o s it io n a l 
m o r p h o lo g y  in  a m ultiphase flu id  environm ent.
1 1 ) T h ere  are corre la tion s availab le  w h ich  pred ict the p erm eab ility  re d u ct io n  in  p o r o u s  
m ed ia . H o w e v e r , m o d e ls  presented fo r  the estim ation  o f  the p erm ea b ility  o f  b e d s  w ith  
d iffe ren t geom etries  d iffe r  in  their p red iction s, w h ich  a ffe c t  the ca lcu la ted  v a lu e s  o f  the 
p erm ea b ility  redu ction .
1 2 ) A s  far as s in g le -p h ase  flu id  f l o w  through p orou s  m ed ia  is c o n ce rn e d , m o s t  o f  the 
p re v io u s  w o rk  has b e e n  d irected  at d ev e lop in g  corre la tion s fo r  p re d ic t in g  th e  
p erm ea b ility  red u ction  in  p orou s  m ed ia  w ith  large particles at con stan t f l o w  rate. T h is  
in fo rm a tion  is  particu larly  in su ffic ien t e sp ecia lly  at lo w  flu id  f l o w  rates.
1 3 ) M a n y  in vestigators h a ve  tried to  m od e l form ation  dam age due to  p a r tic le  m o v e m e n t . 
H o w e v e r , s o m e  have fo l lo w e d  pu rely  em pirica l approaches. T h e  a p p lica tio n  o f  m a n y
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o f  these m od e ls  has b een  som ew h at u n satisfa ctory  f o r  rep rod u c in g  e ith er  the la b ora tory  
o r  the fie ld  data.
A p p re c ia tin g  the areas w h ere  design  in form a tion  is  n o t  ava ilab le , the f o l lo w in g  fra m e w o rk
is  in ten ded  to  bring abou t a n ov e l and co m p re h e n s iv e  study o f  p a r tic le  m o v e m e n t  and
sca lin g  in  p orou s  m ed ia :
1. T o  d esign  and b u ild  a test rig  fo r  the study o f  the e ffe c ts  o f  v a r iou s  param eters  o n  flu id  
f l o w  and perm eab ility  redu ction  in  p o ro u s  m ed ia . T o  d e v is e  a  su ita b le  exp erim en ta l 
p roced u re  so  that the e ffe c t  o f  variou s op era tin g  param eters su ch  as th e  ch a racteristics  
o f  the p orou s  m ed iu m  (p orosity , p e rm ea b ility ), the ch a ra cte r is t ic  o f  pa rtic les , 
con cen tration , tem perature and f lo w  rates ca n  b e  in vestigated .
2 . T o  investigated experim en ta lly  the p erm ea b ility  red u ction  d u e  to  p a r tic le  m o v e m e n t  
and sca le  form ation  in  p orou s  m edia.
3 . T o  derive  a n e w  m o d e l fo r  the p red iction  o f  p erm eab ility  r e d u c t io n  d u e  to  p a rtic le  
m ovem en t.
i
4 . T o  use the experim ental data to va lidate the m o d e l fo r  p re d ic t in g  the p erm ea b ility  
d ec lin e  caused  b y  particle  m ovem en t.
5 . T h e  rate, nature and extent o f  perm eability  ch a n g e  in  a p o ro u s  m e d ia  d u e  to  fo rm a tio n  
o f  ca lc iu m  sulphate and ca lc iu m  carbon ate  under f lo w in g  c o n d it io n  are in vestiga ted  
experim en ta lly , b o th  as a fu n ction  o f  tim e a fter m ix in g  and o f  d u ra tion  o f  the f lo w .
6 . T o  quantify  the am ount o f  sca le  fo rm ed  lea d in g  to  p erm ea b ility  ch a n g e  an d  form u la te  a  
m o d e l fo r  the p red iction  o f  perm eability  re d u ctio n  is  derived .
7. T o  investigate the evaluation  and r e co g n it io n  o f  su itable w a ter  fo r  d isp o sa l o r  
fo rm a tion  in je ct ion  p u rposes.
8 . T o  d e v e lo p  a com p u ter  p rogram  fo r  the p re d ic t io n  o f  poten tia l s ca le  fo rm a tio n  in  
o il fie ld s  and the so lu b ility  o f  the su lphate and  ca lc iu m  ca rb on a te  m in era ls  w h ic h  
co m m o n ly  fo rm  sca le .
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C H A P T E R  T H R E E
EXPERIMENTAL APPARATUS AND PROCEDURE
3.1 Experimental Set-up
E xp erim en ts  w ere  carried out using a test rig, w h ich  is schem atically sh o w n  in  F ig . 3 .1 .  T h e  
in tegra l parts o f  the rig  are d iscussed in  the fo llow in g  sub-sections. (P h otograp h s o f  the test 
r ig  an d  its com p on en ts  can  b e  found in A ppen d ix  B )
3.1.1 Tanks
A s  s h o w n  in  the schem atic diagram  Fig. 3.1 tw o  tanks have been  in corporated  in  the rig  so  
that the in jection  o f  clean  liqu id  and suspensions o r  solutions can  be  don e  con v en ien tly .
T T a n k  A  is  m ade o f  stainless steel and can hold  10 litres o f  liquid, the tem perature o f  w h ich  
ca n  b e  con tro lled  up to  approxim ately  90  °C  using fou r band heaters. E ach  b an d  heater is  4 0  
m m  w id e  and has a p o w e r  rating o f  500 W  at 2 40  V olts . The band heaters are h eating  against 
a  sm all c o o lin g  co il , w h ich  is p laced  inside the tank, a llow ing a better con tro l o f  the liq u id  
tem perature in the tank. T h e  coo lin g  co il is m ade from  stainless steel tu bin g  w ith  an ou ts id e  
d iam eter o f  6 .35  m m , and a length o f  380 m m . A  rotam eter is installed to  in d icate  the c o o l in g  
w ater f l o w  rate. A  co o lin g  unit supplies the co o lin g  water at the desired tem perature. T h e  
tem perature o f  the liqu id  inside the tank is determ ined using a  th erm ocou p le  w h ich  is  
co n n e c te d  to  a con troller w h ich  in turn controls the band heater p ow er  output. T h is  h o ld s  the 
tem perature at a desired  set point. A  stirrer is a lso p laced  inside the tank to  agitate the liq u id  
to  p ro v id e  a  u n iform  tem perature (Fig. 3 .2).
T a n k  B  is m ade o f  g lass w ith  a capacity o f  50  litres o f  liquid. A  co o lin g  /  heating  c o i l  m a d e  o f  
c o p p e r  tubing w ith  an ou tside diam eter o f  10 m m , and a  length o f  630  m m  is u sed  to  k e e p  the 
tem perature o f  the liqu id  at the desired temperature. The water f lo w  rate in  the c o i l  is  
in d ica ted  b y  a rotam eter w h ich  is installed at the inlet o f  the co il. T he d esired  tem perature o f  
the liq u id  f lo w in g  in  the c o il  is controlled b y  a co o lin g  /  heating unit.
W h ile  tank A  is used  fo r  clean  liquid in jection  to the test section, T an k  B  is  f i l le d  w ith  
su sp en s ion  and then m etered  to  the test section.
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Fig. 3.2 Detailed design of the holding tank A.
3.1.2 Pumps
T w o  peristaltic pum ps o f  d ifferen t f lo w  ratings are c h o s e n  o v e r  other p u m p  design s, since 
they are the on ly  available pu m ps cap ab le  o f  d e liv er in g  the requ ired  f l o w  rates. T h e  operating 
specifica tions o f  these pum ps are g iv en  in  T a b le  3.1.
Table 3.1 Characteristics of perista ltic p u m p s
Pressure T u b in g  d iam eter/ m aterial F lo w  rate
j Pum p 1 1 .2  bar 1 .6  m m  /  M arprene 0 - 2 0 0  cm V m in
Pum p 2 1 .2  bar 6 .4  m m  /  M arprene 0 -3 0 0 0  cm 3/m in .
A n oth er feature o f  these pu m ps is that th ey  are se lf-p r im in g  and they d o  n ot need  to be 
prim ed  before  they can  b e  started. V a ry in g  the p u m p  sp eed , w h ich  is d isp la yed  o n  a  digital 
screen , can accurately con tro l the liqu id  f l o w  rate. T h e  m a x im u m  design  pressure o f  the pum p 
is ach ieved  b y  utilising tubing w ith  an internal d iam eter o f  6 .35  m m  and a  w a ll th ickness o f
1.6 m m . T he tubing m aterial is ch osen  so  that it ca n  w ithstand the f l o w  o f  d ifferen t k inds o f  
liqu ids including w ater and m ineral o il.
3.1.3 The test sections
T o  a ccom m odate  d ifferent experim ents and a lso  to  ca ter  fo r  f l o w  visu a lisa tions, tw o  different 
test sections o f  different m aterials w ere  d es ign ed  and  u sed . T h e  test section s  are con n ected  in 
parallel and each  o f  them  can  b e  isolated  fr o m  the f l o w  circu it using  iso la tin g  v a lves .
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3 . 1 . 3 . 1  S t a i n l e s s  s t e e l  t e s t  s e c t i o n
The test section which contains the porous medium is made of stainless steel. The tube has an 
internal diameter of 32 mm and a wall thickness of 5 mm. The total length of the tube is 580 
mm. Spiral and longitudinal grooves to accommodate heating wire and thermocouples 
measuring the wall temperature have been milled on the outside of the tube. Bores to insert 
thermocouples for measuring the sand bed temperature and on the opposite side, bores for 
pressure tappings have been drilled at points shown in Fig. 3.3. The heating wire is a single 
core, cold-ended heater, which are 6 m long and 2 mm in diameter. It is wrapped around the 
tube at an 8 mm pitch giving a heated area of 0.03488 m2. The heating wire is placed inside 
the 2 mm hemispherical grooves and silver- soldered to the tube to keep it in position. The 
whole heated section is covered in silver solder and lagged to minimise heat losses to the 
surroundings. The heating wire has a hot length of 600 cm two cold ends each 100 cm long 
and two connectors. It has a maximum power output of 2000 W and a total resistance of 18.6 
Q. The power is controlled to maintain the wall temperature below the maximum operating 
temperature of around 200 °C.
/ ■
1- Flange.
2- Colette.
3- O-ring.
4- Sintered screen.
5- Test section.
6- Heating zone.
7- Longitudinal grooves
8- Transverse grooves
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3 . 1 . 3 . 2  T h e  p e r s p e x  t e s t  s e c t i o n s
While the stainless steel test section is used for flow and heat transfer studies, the perspex test 
sections are used to study the fluid flow through the porous medium. These test sections are 
made of perspex with equal internal diameters of 37 mm and lengths o f307 mm and 615 mm 
respectively. Bores for pressure tapings have been drilled along the axis of each test section to 
facilitate the measurements of pressure drop. Fig. 3.4 shows the integral parts of the test 
section.
JGL r '
3 f t
1 Blanking plate.
2 O-ring.
3 Sintered screen.
4  Test section main body
5 Tapping for pressure measurement
Fig. 3.4 Design details of the perspex test section.
3.1.4 Sintered screens
At the inlet and outlet of the test section, two sintered screens with holes of approximately 
100 pm are used to hold the bed in position. This size is chosen so that they prevent the
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packing particles from leaving the test section and also provides a uniform distribution of the 
fluid flow into the bed.
3.1.5 Flow circuit
The test rig is designed so that it can operate either in single phase or in two- phase mode. 
Quick acting isolating valves do the switch-over from one to another. The following describes 
the complete flow circuit where the flow of three phases can be accomplished.
Gas and liquid (clean or in the form of a suspension) flow in two separate circuits, hence 
providing single and two-phase flows through the porous medium. The arrangement of the 
valves in the circuit is designed to allow the measurements to be carried out in upward or 
downward mode. When operating in two-phase flow mode, the two fluids are mixed at a 
short distance below the inlet of the test section. There are two one-way valves in each of 
the circuits to prevent undesired flow. The liquid is supplied from the tank at a fixed 
temperature and pumped to the test section using the peristaltic pump. After flowing 
through the circuit, the liquid is drained and samples are takes. The gas (air) is supplied
# -j
from the outlet of a compressor capable of delivering 170 m of air per hour at a pressure 
of 1500KPa. Before entering the circuit, the gas is passed through a filter and a pressure 
regulator valve, which reduces the gas pressure to about 300 KPa. The gas flow is 
measured by a rotameter ranging from 0.05 1/min to 25 1/min. The fluid leaving the bed is 
fed to a separator where the liquid flow rate is precisely measured. In two-phase flow 
operation, the gas is fed from the separator to a gasometer where the precise amount of the 
gas and liquid can be measured at atmospheric pressure. Both circuits use stainless steel 
tubing with an outside diameter of 6.35 mm and fittings of the same size. All tubing is well 
insulated to reduce heat losses.
To facilitate the measurements of bed porosity, a burette is connected to the inlet of the test 
section so that filling the void volume of the porous medium is made possible. The displaced 
liquid volume from the burette can be used to calculate the bed porosity.
3.1.6 Temperature measurements
Along the stainless steel test section, six stainless steel sheathed K type insulated junction 
thermocouples 0.5 mm in diameter and 200 mm in length are placed at distances shown in 
Fig. 3.5. At the same cross-section as the third and the forth thermocouple from the inlet, four
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thermocouples, 1.5 mm in diameter and 150 mm long are placed inside the longitudinal 
grooves at a spacing of 90° (see Fig. 3.6). The average value of thermocouples will be read to 
calculate the wall temperature. Using the average readings from these thermocouples, it is 
possible to calculate the local heat transfer coefficient at two positions along the test section. 
The heat transfer coefficient at the wall, a w, can be determined using
a w  = 0 U 0  (34)
Tb is measured but Ts in Fig. 3.5 will have to be calculated to account for the temperature 
difference between thermocouple location and the pipe inside wall. The value of surface 
temperature, Ts, can be calculated using the thermal resistance between thermocouple location 
and tube inside wall Xffx. Table 3.2 gives the values of XsJx for each thermocouple.
Centerline
Fig. 3.5 Temperature profiles for the cross-section of the test section.
Table 3.2 Values ofXss/x for different thermocouples.
TC TC11 TC12 TCI 3 TC14 TC21 TC22 TC23 TC24
X Jx>  (W/tn2 K) 4673 4710 5935 7035 5086 5668 6050 5412
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Fig. 3.6 Locations of thermocouples measuring the wall temperatures
The K type thermocouples, which are used to measure in this investigation, can measure 
temperatures ranging from 0 to 1100 °C.
3.1.7 Pressure measurement
The pressure readings, which are performed using the stainless steel test section, are taken 
with six pressure transducers, the output of which is fed to a data acquisition unit for further 
processing.
Mercury in glass manometers is used to read off the pressure drop along the perspex test 
sections. The exact locations of the pressure reading devices are depicted in Figs. 3.3 and 3.4.
The perspex test sections also allow visual observation of the deposition mechanisms.
3.1.8 Preparation of test section
Before any tests can be performed, the test sections are packed with appropriate material to 
form a packed column. The packed bed is a direct method for studying particle and solid 
suspension deposition mechanisms. In particle deposition with the packed bed technique, a 
well defined granular material which is usually made of spherical glass beads or wash sand is 
packed in a column to form a porous bed with a fixed porosity. When the bed is fully packed,
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the porous medium fills the space between the two screens at the ends of the test section. Care 
is taken to follow the same bed preparation procedure each time so that reproducible bed 
properties are ensured. The properties of the packing materials and those of the fluids are 
given in Table 3.3.
3.1.9 Packing materials
For all of the experiments, spherical glass beads and sand were used as packing materials. The 
properties of the packing materials are given in Table 3.3.
Table 3.3 Physical properties of spherical packing materials
Material dp (p m) X (W/m °C) P (kg/m3) Cp(J/kg°C)
250-425 5.345 2640 0.820
Sand 425-600 5.345 2640 0.820
1000 5.345 2640 0.820
250-425 1.050 2550 0.770
Glass beads 400-600 1.050 2550 0.770
1000 1.050 2550 0.770
Distilled water - 0.6151 995.7 4185
Air - 0.02624 1.1774 1.0057
3.1.10 Data acquisition system
The data acquisition system is depicted in Fig. 3.7. It consists of two boards, namely the 
CIO-DAS08 and the CIO-EXP32 cards that are connected to a desktop computer. The 
CIO-EXP32 analogue input multiplexer expands the number of analogue input channels of 
any A/D board to 32 channels. Two banks of 16 analogue inputs are multiplexed into two 
of the A/D boards analogue channels. Therefore, one bank will be used for inputting 
thermocouple voltages from the test section, while the other bank will be used for inputting 
pressure transducer measurements from the test section. The thermocouples and pressure 
transducers are directly wired into the appropriate banks.
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The analogue signals produced by the thermocouples and pressure transducers are taken to an 
analogue multiplexer in the CIO-DAS08 card by a standard 37 pin 'D ' type connector. This 
multiplexer provides 8 channels of single ended input and is protected against 30 volts 
maximum. Two of these channels will be taken up by the analogue signals coming from the 
CIO-EXP32 card. One channel will handle input signals coming from the bank, to which the 
thermocouples are connected, while the second channel will handle input signals coming from 
the bank to which the pressure transducers are connected. Two more channels in the CIO- 
DAS08 card are used for the flow meter (if there is one) and for the heating wire control 
signals. The flowmeter will send input signals proportional to the measured flow, while the 
control box will send input signals proportional to the power rating of the heating wire. The 
CIO-DAS08 card turns the PC into a medium speed data acquisition and control station 
suitable for laboratory data collection, instrumentation, production test, or industrial 
monitoring.
A  menu driven Quick Basic program is used to process the acquired raw data. The wall and 
bed temperatures, pressures, heat fluxes, flow rates and the heat transfer coefficients are the 
parameters which are saved in a file for each test.
F i g .  3 . 7  T h e  d a t a  a c q u i s i t i o n  b l o c k  d i a g r a m .
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3 . 2  E x p e r i m e n t a l  P r o c e d u r e
Preliminary tests were performed to obtain the time at which the bed was stabilised. To 
achieve this, the tank A  was filled with distilled water. Liquid was then pumped through the 
bed for about one hour to obtain a homogenous condition. While all operational variables of 
the system were kept constant, pressure readings were taken at short time intervals until the 
steady state was reached. This time, which was determined to be 20 min, was taken as the 
time at which the steady state condition is reached and was observed in all related 
experiments.
3.2.1 Porosity measurement
The porous media were formed in the same way as explained in section 3.1.8, and then the 
pore volume of the dry porous medium was filled with liquid supplied from the burette 
connected to the inlet of the bed. Taking into account the necessary corrections, the porosity 
of the medium was then calculated as the ratio of the amount used to fill the pore volume 
divided by the total volume of the bed.
The same procedure was repeated several times for each medium and the mean value was 
taken to represent the porosity of the medium, see Table 3.1.
3.2.2 Particle deposition experiments
Once the temperature of the distilled water in the tank reached the desired value, a 
predetermined flow of the liquid was established through the bed until the system reached a 
steady state. Then the data acquisition system was switched on to record fluid flow rate, 
temperatures, and pressures. At this time the suspension was allowed to flow into the test 
section under investigation and the pressure-time data were gathered for further processing.
The above procedure was repeated for different fluid flow rates with various solid particle 
concentrations. The range of operating variables is given in Table 3.3.
Table 3.4 Range of operating parameters in single-phase experiments.
Inlet temperature 25-30 °C
Flow rates 25 -  200 cm3/min.
System pressure 122 KPa
8 0
Fluid suspension viscosity 0.790-2 cp
Specific gravity of Aluminium oxide 3.46 g/cm3
Suspension concentration of spherical Aluminium oxide 500 -  2000 ppm
Solid particle mixed with packing material 5-10 %wt.
All experiments were carried out in an arbitrary sequence and some experiments were 
repeated to check the reproducibility of the results, which proved to be good.
With the packing material in place pressure drop experiments were conducted as described 
in the preceding section for single-phase flow mode. Experiments were carried out in the 
same manner to investigate the effect of particle concentration on the pressure drop 
through the medium so that the study of permeability reduction can be made. The devised 
experiments permit a thorough study of various parameters affecting the pressure drop.
3.2.2.1 Preparation of the suspension/solution
A predetermined amount of particles is mixed with distilled water so that the desired 
concentration of the suspension is obtained. The suspension is kept in tank B and it is stirred 
with a suitable impeller hence preventing the deposition of particles on the solid surfaces of 
the tank. The temperature of the suspension is monitored and kept constant during the 
injection process.
3.2.2.2 Suspension material ^
In all the deposition experiments, Bentonite and aluminium oxide were the solid moving 
phase in the porous media. The properties and the size ranges employed in the present 
investigation are given in Table 3.4.
3.2.3 Scale formation experiments
The purpose of the present experimental investigation on calcium sulphate and calcium 
carbonate scale formation had two general aims: Firstly to identify the general pattern of a 
scaling process in a porous medium as seen through its effect on the permeability of the 
porous medium. Secondly, quantitative data was required in the form of permeability
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reduction rates and porosity changes to evaluate terms such as the reaction constant in the 
precipitation rate equation to derive a model.
3.2.3.1 Preparation of test solutions
Scale formation experiments were performed with aqueous solutions of the following salts: 
Na2S 04, Ca(N0 3 )2 .4 H2 0  and Na2 C0 3 . The criteria for selecting these salts were based on 
the solubility of the salts and valence of the respective ions. Each solution system consisted 
of two salts, one rich in calcium ions the other rich in sulphate or carbonate ions, which 
were kept separate until after they had entered the porous medium. Since mixing calcium 
nitrate (Ca(N0 3 )2 .4 H2 0 ) and sodium sulphate (Na2S 04) or sodium carbonate results 
calcium sulphate or calcium carbonate crystallizing on the porous medium. All salts used 
in this work were Merck reagent grade. Solutions were prepared for each run by dissolving 
in distilled water and allowing it to stand for 12hours. The range of salt concentrations 
used in this investigation is given in Table 3.5.
Calcium nitrate and sodium sulphate or sodium carbonate solutions of predetermined 
concentration were filled into the supply tanks. Distilled water was fed through the bed until 
the system reached a steady state at the desired temperature and flow velocity. Then the data 
acquisition system was switched on to record fluid flow rate, temperatures, and pressures. At 
this time the supply pumps were switched to the scale forming solution. This procedure was 
repeated for different operating variables. The range of operating variables is given in Table 
3.5. At the end of the each experiment the supply pumps were switched to EDTA (ethylene 
diamine tetra acetic acid) solution and flooding continued for about 20 minutes. This was to 
remove from the porous medium, all salt forming ions which could confuse later experiments. 
The test rig was dismantled cleaned and dried to be ready for the next experiments.
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T a b l e  3 . 5  R a n g e  o f  o p e r a t i n g  p a r a m e t e r s  i n  s c a l e  f o r m a t i o n  e x p e r i m e n t s .
Inlet temperature 50°C-80°C
Flow rates 25cm3/min-100cm3/min I
System pressure 122 kPa
Solution viscosity
: 
Or—<X
! 
T" 
©
'3- 1.3*1 O'3 kg/m.s
Ca(N03)2.4H20 1.8-13.4 g/1 I
Na2 S0 4 2.6-7.8 g/1 I
Solution concentration Na2C 03 0.8-1.6 g/1 j
CaS04 2.5-7.5 g/1 1
CaC03 0.750-1.5 g/1 |
Solution type A
[Ca^=4.33 g/1
[S04"]=2.6 g/1
Solution type B
[CaH]=8.67 g/1 |
[S04"]=5.22 g/1 j
Solution type C
' [Ca++]=13 g/1 j
Solutions used in experimental study [SCXf ]=7.8 g/1 1
on scale formation in porous medium
Solution type D
[Ca++]=1.77 g/1
[CO3-]=0.8 g/1 j
Solution type E
[Ca+3 =2.36 g/1 !
[CO3-]=1.06gfl ]
Solution type F
[Ca++]=3.54 g/1
[C03_]=1.6 g/1 |
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C H A P T E R  F O U R
RESULTS AND DISCUSSION
4.1 Clean bed experiments
Before carrying out any tests with solutions, it is first necessary to have adequate 
information regarding the flow mechanisms in a clean medium. When a fluid flows through 
a porous medium, the pressure drop, which develops along the bed in the direction of flow, is 
a function of system geometry, bed voidage and the physical properties of bed and fluid.
The operating conditions can result in four distinct flow regimes (Dybbs and Edwards, 
1984): Darcy or creeping flow, inertial flow, unsteady laminar flow and chaotic (or 
turbulent) flow. In the Darcian region the pressure gradient is proportional to the flow rate 
and is mathematically expressed by
u d  =  —  ti
Ap
Ax (4.1)
The coefficient K in single phase is independent of the nature of the fluid and depends on 
the geometry of the porous medium. It is called the specific or absolute permeability of the 
medium. In the case of single-phase flow, this is abbreviated as permeability.
Darcy's law is usually considered to be valid when the Reynolds number defined for a
ud p
porous medium is less than one. The Reynolds number (Re = — —  ) is defined as the ratio
ti
of inertial forces to viscous forces and in terms of a characteristic length perpendicular to 
flow for the system. Despite minor differences between the transition regions reported by 
different investigators, Fand et al. (1987) reported higher and lower bounds for each 
regime. According to their reported data, the Reynolds number at which the deviation from 
Darcy’s law first occurs is 1.1 ±0 .1 . Considering the size of the particles used in the 
present investigation, the Darcian regime prevails. Nevertheless, many experiments were 
performed and the results were analyzed in order to ascertain the type of flow which 
existed in the test section, taking into account the system geometry as well as the physical 
properties of bed material and liquid. In the present study, the pressure drop is measured at 
six different positions along the porous medium in the direction of flow, over a wide range of 
liquid velocities for different particle sizes. The porous bed used in the present analysis 
consisted of glass spheres or mineral sand saturated with distilled water. Knowing the density
84
of the particles, as quoted by the manufacturers, a statistically large number of each size was 
weighed. The particles were then screened to find out the proportion of different sizes retained 
by each screen size. An average equivalent mean diameter, dp, of the different sizes was found 
using
dp=2> i ’dp, (4-2)i
The average equivalent mean diameters, dp, of different sizes is given in Table 4.1.
The porosity of each porous medium was measured by filling the pores of the medium with 
distilled water using a burette. Knowing the volume of water required to fill the pores, the 
porosity of the bed was then taken as the ratio of the volume of water displaced to the total 
column volume. Since there were some discrepancies in the measured values of porosity, the 
procedure was repeated each time the test section was filled with a particular particle size and 
the mean value was taken to represent the porosity of the medium. The values of porosity for 
different sizes of particles are also given in Table 4.1.
The measurements of pressure drop as a function of axial distance of different media at 
several liquid flow rates are presented in Figs. 4.1 and 4.2. The results show a linear 
relationship between the pressure drop and the axial distance in the direction of flow. The 
slope of these lines increases with liquid flow rate and similarly the pressure drop increases 
monotonously with increase of the liquid flow rate. Knowing the viscosity of the liquid 
saturating the medium, the permeability of each medium can be calculated using the slope 
of the best-fit straight line through the data presented in Figs. 4.1 as the ratio of puD/K  in 
equation (4.1). The mean calculated permeabilities are given in Table 4.1.
Fig. 4.2 is the illustration of some available correlations for prediction of single-phase 
pressure drops in porous media. As it can be seen in Fig. 4.2, Darcy model describes the 
viscosity-dominated flow at low Reynolds numbers (or according to Fand et al. (1990), dc/dp> 
40) while it deviates appreciably at higher flows however, at higher flow rates where both 
viscous and inertial forces are significant, the predictions made by the Ergun (1952) model 
tend to be more accurate.
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To investigate the effect of the particle size, experimental data of pressure gradient as a 
function of flow rate were collected for various particle diameters. The data are presented 
in Fig 4.3. As can be observed, the pressure gradient increases as the particle diameter 
decreases. These plots also emphasize the linear relationship between pressure gradient and 
Reynolds number.
The comparison between experimental and predicted pressure drop for different particle 
sizes is shown in Fig. 4.4. Excellent agreement exists between the predictions of the 
models and the experimental data.
Table 4.1 Physical properties of packing material
Packing
material
Particle size 
range, pm
Mean particle 
diameter, pm
Porosity
Permeability,
m2
180-250 192 0.3827 2.14E-11
Sand
250-425 265 0.3830 6.03E-11
400-500 410 0.3839 1.21E-10
1000 1000 0.3853 7.27E-10
180-300 245 0.3787 4.41E-11
250-425 338 0.3792 7.89E-11
Glass beads 400-600 480 0.3804 1.59E-10
1000 1000 0.3825 7.05E-10 ‘
Figs. 4.S-4.7 have been prepared to show the variation of permeability as a function of 
porosity, particle size and Reynolds number. The permeability of the porous medium in 
single phase is independent of the nature of the fluid and depends on the geometry of the 
medium.
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The first test was performed by injected pure water into the porous medium. No significant 
changes in the pressure drop or permeability characteristics were observed (see Fig. 4.7). 
This result is trivial and is what we expected from the start. Since there are no particles in 
the injection water and no particles are initially present in the porous medium, there is no 
reason for any decrease of permeability of the system during the time when water is 
injected in the porous medium. As mentioned before, this is only a base test and it is used 
to discuss the future results.
Reynolds number, Re
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4 . 2  R e s u l t s  o f  p a r t i c l e  m o v e m e n t  e x p e r i m e n t s
The data from experiments are pressures measured by 5 transducers placed at 5 points 
along the test section, against time. The pressure data are processed to calculate the 
permeability and permeability ratio. Plots of pressure drop profile, permeability and 
permeability ratio profile versus time are from experiments at various flow rates, particle 
concentrations and particle sizes are presented and discussed in the following sections.
4.2.1 Effect of suspension flow rates
To investigate the effect of injection flow rate on pressure drop and permeability reduction 
a set of tests were performed in which the concentration of solid particles in the injected 
suspension was kept constant at 1000 ppm while the injection rate was varied in each test. 
Figs. 4.8-4.13 show the variation of pressure drop and permeability decline as a function of 
time. From these Figures, it is clear that even at such low flow rate, there is significant 
permeability decline of the porous medium. In this study, the overall permeability of the 
porous medium decreased between 10 and 70% of the initial permeability. This decrease 
was affected principally by the concentration of suspended particles, their size and the flow 
rate. The most severe permeability decline always occurred in the first and second section 
of the porous bed (within the first 16 cm of the test section). The fall in permeability 
gradually decreased along the bed. In discussing the effect of flow rate on permeability 
decline, the density of the suspended particles must be considered. Large and denser 
particles have larger mass than the smaller, lighter particles. The inertial and sedimentation 
forces tend to remove these larger particles from water flowing through a tortuous pore 
space. The penetration of these particles into the porous bed at high flow rates would be 
less that of smaller, lighter particles. Fig. 4.14 shows the middle section (section 2, 16-25.5 
cm) pressure gradient for this test. Comparing the middle section pressure gradient at 
different flow rates with the same concentration, the effect of particles accumulating in the 
bed can be seen. In general, as more particles reach the middle section of the bed, higher- 
pressure gradients should be observed there. This Figure show that at lower flow rates, 
transfer of particles to the mid section is also increased. Hence, as the water velocity 
decreases, the plugging rate also increases as a result of clogging constrictions located in 
the early parts of the flow path.
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Concentration of the solid particles in the first part of the test section causes the overall 
pressure gradient to increase rapidly while that in the middle part changes smoothly.
Figure 4.15 shows the permeability ratio variation with time for the middle section. It is 
obvious that at the lower injection rate, the permeability reduction is greater. Again these 
curves show the role of plugging due to lower flow rates as a permeability reduction 
phenomenon. In a more general way, the plot of permeability ratio versus log of the flow 
rate (Fig. 4.16) has been found to be linear for different pore volumes of fluid injected. The 
following relationship has been found:
Q 2
K
Ki
min
Qi
r 2 T
Q i
(4.3)
The value of m can be found from Fig. 4.17 which can be expressed as an exponential 
function of pore volume injected as follows:
m = l - e
-a  PVI (4.4)
where, a is a constant, and PVI is the number of pore volume of fluid injected. Substituting 
the value of m in equation (4.3) results in:
f \
K
K.V i /
K
K.V i J
= i •a PVI In
l Q l
(4.5)
This simple relationship can be used to predict the permeability decline for a similar 
material at any new flow rate. From Figures (4.16) and (4.17) can be seen that the 
permeability decline due to particle movement is not only a function of injected pore 
volume, but also depends on the flow velocity. At the higher flow velocity, plugging is 
reduced and therefore, the overall permeability remains higher.
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Fig. 4.17 Exponential relationship between flow rate and permeability ratio
97"
4 . 2 . 2  E f f e c t  o f  s u s p e n s i o n  c o n c e n t r a t i o n
To study the effect of the concentration of solid particles in the injection water on the 
permeability reduction, a number of tests were carried out. In these experiments the rate of 
injection fluid was kept constant and the concentration of the suspension solid particles in 
the injecting fluid was varied. These tests were carried out at constant injection rates of 25 
and 50 cm3/min, with three different suspension particle concentrations of 500, 1000 and 
2000 ppm. Figs. 4.18 and D.5 (Appendix D) show the variation of permeability decline 
with time for different concentrations at these injection rates. These figures show that by 
increasing the concentration of solid particles in the injecting fluid, sedimentation and 
plugging occurs more rapidly and consequently, the permeability ratio decreases more 
rapidly. Figs. 4.19 and D.6 (Appendix D) show how the permeability decreases with time 
for different concentrations and different injection rates. These figures show that the 
concentration has a greater effect than flow rate in reducing permeability. Fig. 4.20 
presented in semi-logarithmic graph demonstrates the exponential form of the permeability 
decline with concentration.
1
0.9 
0.8
0 0.7*43 
2 0.6
I *S 0.5
Ct<u
1 0.4
CJ
*  0.3 
0.2 
0.1 
0
0 500 1000 1500 2000
Time, min
Fig. 4.18 Variation of permeability ratio as a function of time showing effect of
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4 . 2 . 3  E f f e c t  o f  p a r t i c l e  s i z e
To study the effect of the particle size on permeability reduction, a number of tests were 
carried out. In these experiments, the concentration and rate of injection fluid were kept 
constant and the particle size varied. These tests were carried out at constant injection rate 
of 25 cm3/min, 500 ppm concentration and with spherical particle sizes of 7 and 16 pm . 
Fig. 4.21 displays the effect of particle size on the permeability decline. From this figure, it 
can be seen that increasing particle size results in a greater permeability decline in the test 
section. From a practical point of view, the most important conclusion, from Figures 4.18- 
4.21 is that suspended solids can cause serious injectivity problem that can affect oil 
production. The cost of removing such damage, through stimulation, also adds to the 
problem. Therefore, it is extremely important to maintain very low levels of suspended 
solids in any injected water and high rate.
1
0.9 
0.8 
o 0.7 
2 0.6 
l o ,
a ©
| 0.4
©
*  0.3 
0.2 
0.1 
0
0 500 1000 1500 2000
Time, min
Fig. 4.21 Variation of permeability ratio as a function of time showing effect of
particle size
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4 . 2 . 4  E f f e c t  o f  p a r t i c l e s  i n i t i a l l y  p r e s e n t  i n  t h e  p o r o u s  m e d i u m
Before starting the water injection, some small particles will be present in the porous 
medium. When the water is injected into the porous medium and the water velocity reaches 
their mobilization velocity, these particles move and cause some plugging, therefore, 
reducing the permeability of the porous medium. To investigate the effect and the role of 
this phenomenon on permeability reduction, the following experiments were perfomied.
In the first run, the porous bed of glass beads was filled with 4.5% wt. alumina particles of 
7 pm particle size. Pure water was then passed through the bed causing the alumina 
particles to move ahead and cause throat plugging. Consequently, as it is shown in Fig. 
4.22, the pressure gradient across the glass beads medium increases. It can be seen that the 
pressure increases initially very slowly which means that the solid particles are moving 
ahead slowly and substantial plugging and reduction of flow path do not occur and then 
starts to increase more rapidly after about 100 min. This rapid increase in overall pressure 
belongs to the period where the solid particles have been mobilized into the porous 
medium and many of the throats and pores are plugged and hence the mean flow path area 
for injected water is reduced. Therefore, the necessary pressures for flooding increases 
rapidly. Another phenomenon that is seen after 140 minute is the cyclic reduction and 
increase in pressure. When the pressure increases to a certain value, the plugs and bridges 
that are present in the water flow path broke, and consequently a larger path is available for 
the water. However, a decrease in pressure occurred. Again some plugging causes the 
pressure to increase until high pressure causes the plugs to break again, and so on.
Fig. 4.23 shows the behavior of the system permeability derived from the pressure drop 
data, as the water is injected. A slow permeability decrease in the glass bed is observed, at 
first. Later this decrease in permeability proceeds faster, and after about 140 minutes 
fluctuations in permeability become evident as the bridges within the bed break down. This 
suggests that the solid particles that are initially present in the porous medium can cause 
permeability reduction and, if the injection system works under constant pressure 
conditions, loss of injectivity can occur due to the movement of solid particles inside the 
porous medium.
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4.3 Mathematical model to describe particle movement and deposition in porous 
media
The phenomenon of solid particle invasion and capture in a porous medium is encountered 
in reservoir engineering applications. A  mathematical model is needed to explain the 
underlying phenomena theoretically. Numerous investigators have studied the process 
invasion in relation to deep bed filtration. The literature abounds with a number of
alteration due to solid particle invasion and capture in porous media. An attempt to
new mathematical model.
The development of phenomenological models to describe the particle invasion in porous 
media started early last century. Iwasaki (1937) proposed three basic formulae governing 
the flow of particles in sand filters as follows:
Cv : volumetric concentration of particles in the flowing stream
x : sand bed depth
Xc : filtration coefficient
Xa : initial filtration coefficient
civ : volume of particles deposited per unit volume of the bed
Cd : constant
v : approach velocity
The first equation gives the degree of particle deposition as being proportional to their
concentration at the sand filter inlet. The filtration efficiency is exhibited by the filtration
coefficient, Xc. The second equation relates the filtration coefficient to the volume of
particles deposited per unit volume of the bed. The third equation represents the mass
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theoretical studies and different approaches for mathematical modelling permeability
describe the observed formation damage in this study is one of the reasons for developing a
(4.6)
(4.7)
dci dCv
dt dt
(4.8)
where
balance of particles in the system. The filtration coefficient, Xc, plays a very important role 
and varies with the filter bed condition in the filtration process. The determination of this 
coefficient has been the subject of numerous investigations of deep bed filtration. Since 
Iwasaki, several researchers have presented new models or modifications of previous 
models to describe the phenomena of deep bed filtration. A  summary of the different 
expressions is presented in Table 4.2.
Table 4.2: Expressions for filter coefficient developed by various investigators
Investigators Equations Comments
Iwasaki (1937) 7-co+ C d<Jv Cd is a constant
Ives (1962)
Xco+aP ° v - bp2crv (♦ o -P ® v )
a, b are 
constants
Maroudas and 
Eisenklam 
(1965)
/
V
>
I -  °v  
a vmax;
Heertjes and 
Lerk (1967) V To /
(3 is constant
Mahanka (1969)
(  CT ^ l  (  CT ^
J i - p f  h - p f
V + o )  \  +o J
a 2 C Aa 3
L
K a  v max j
a, (Xi, ot2 , a 3and 
p are constant.
There are 6 reported modeling studies concerning the in-situ generation and migration of 
fines in porous media. (Gruesbeck and Collins, 1982, Khillar and Fogler, 1987, Soo et al., 
1986, Wajtanowicz et al., 1988, Civan et al., 1990 and Rochon et al., 1996). In each of 
these studies simplifying assumptions are made and the equations are solved to describe 
the decline in permeability due to migration of the fine particles in the porous bed. A  
summary of the expressions for permeability ratio is presented in Table 4.3.
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T a b l e  4 . 3 :  R e l a t i o n s h i p  b e t w e e n  l o c a l  p a r t i c l e  r e t e n t i o n  a n d  l o c a l  p e r m e a b i l i t y  i m p a i r m e n t
Investigators Equations Comments
Gruesbeck and Collins (1982)
k p '  /  =exp
1 V
f  Pl- a  a s
\
4
P
\
)
Empirical for pluggable 
paths, a is constant
Knp J l  1
K i
f  PN
3 a s
V nP_
-1 Empirical for non- j 
pluggable paths, b is a 
constant
Soo et al. (1986) + -  =  ! - ? +  
K i + 0
(3 is the average flow 
restriction parameter
Wojtanowicz et al. (1987,1988)
A = ( i - Clt )2
Kj 1 '
Gradual pore blocking 
f
Ppct
c l=  T 
Pp L
-  =  1 - C 2 t 
K ; 2
Single pore blocking 
(screening)
f 2 
6QppCsA
L 2 ~ i
TtCjd pp
K 1 Cake forming (straining) 
C3 is constantKj 1 + C3 t
Khillar and Fogler et al. (1987,1990)
k  = i - b
K i
P
a s
2
Theoretical based on the 
Hagen-Poiseuille flow 
through pore throat, B is a 
parameter dependent on 
the characteristics of the 
sandstone
< *p
a s
V
\
h .
Civanetal. (1990) K
K j ”
r * V
U iJ
Power law assumption
Rochon et al. (1996) = exp[p(^ > -  <1> j )]
Linear relationship 
between the logarithm of 
permeability and porosity, 
[3 is coefficient
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4.3.1 Relationship between the porosity and solid particle concentration during 
particle deposition in porous media
Consider an element of porous medium of length AZand cross-sectional area A  with initial 
porosity ^  through which the fluid containing solid particles is being passed at the flow 
rate of Q as shown in the following figure:
The pore volume, Vp of the element AZof porous media is given by
v p= A  AZ^j - A V  (4.9)
Where <j)j is the initial porosity and AV is the change in volume due to deposition of solid 
particles in the porous medium. Therefore, the new porosity (j) is given by:
VD A AZ(j); -  AV 
P -  1 (4.10)
bulk volume A AZ 
Using a material balance on the solids at a given time in the element A Z , we obtain:
/Volume of solids ] /volumeof solids 1 , , ___ n i- 1  A ,
{  initially in suspension} }  remaining in suspension} p si e
A A Z ^ C j (AAZ(j>i -A V )C
---------------------- 1------ = AV (4.11)
or
1 0 6
AAZ<|).(C; -C )  A V  = ----- U — — 1---- (4.12)
Where C{ is the initial particle concentration and ps is the density of the solid particles. 
Substituting equation (4.12) in equation (4.10), yields:
The mathematical expressions derived in this study using a model based on the following 
fundamental and general assumptions:
1) Solid particles are uniformly suspended in an incompressible fluid.
2) The porous medium is homogeneous, incompressible and isotropic.
3) The porous medium contains a large number of pore bodies, which are 
interconnected by pore throats whose sizes are log-normally distributed.
4) The dominant interaction forces between the fixed particles constituting the bed 
and the suspension solids are not accounted.
5) Fluid containing solid particles is injected into the porous bed at a constant flow
(4.13)
4.3.2 Theoretical basis and model assumptions
rate.
4.3.3 Formulation of the model
Consider an element of the porous medium of length Ax and cross-sectional area A  with 
effective initial porosity, (j)j, (Fig.4.24).
x Ax
Inlet ► -► Outlet
F i g .  4 . 2 4  S c h e m a t i c  d i a g r a m  o f  o n e - d i m e n s i o n a l  m o d e l
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The particle material balance on the stream of fluid flowing through the elemental porous 
medium can be represented by the following expressions:
Rate of input of solids -  Rate of output of solids = Rate of accumulation of solids
The mass rate balance equation can be written as:
[ Q c J -  Q c s + d
dx
Q C  - D  A * Ax
ac,
= A  Ax ([> at (4.14)
Hence:
a ( d \ scQCs - Ds A<f> ^ C s Ax = A A x ^
dx
(4.15)
where
Cs : mass concentration of solid particles
Ds : coefficient of diffusivity of solid particles
Q : flow rate
For the operating conditions observed in the experiments, the pore space of the porous 
medium is occupied by saturating it with fluid. Initially, the concentration of solid particles 
is set to zero, (Dullien, 1979). Therefore:
initial conditions: for t < 0
o o < x < 0 , C (x,t) = Csi
0 < x < + o o , C (x,t) = 0
and
nx = ± o o ,  —  =  0 
dx
the boundary condition: for t >  0 x = + o o ,  Cg (x, t) = 0
x = - o o ,  Cs (x,t) = Cgi
The solution of equation (4.15) using the above initial and boundary conditions is derived 
in Appendix A and yields:
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SI
(  \ f  \ / \
erfc
X(j) -  ut +  exp ux erfc x<() +  ut >
L U 4 D s $ l DsJ u « v j
( 4 . 1 6 )
4.3.4 Development of the finite difference equations
Equation (4.15) can be written in finite difference form as follows (Peaceman, D.W.,
1977):
A<|>DsAt
2 Ax'
f c  (n+1>_2C (n+1) + C (n+l)l + I, s(i+i) s(i) s(i-i) J C (n) -  2C ¥ ) + cs(i+l) s(i) s
. i~\J
- Q
At
Ax
(n + 1 )  (n + 1 )
( 1  -  W ) C g ” j + j J  +  ( 2 W  -  1 ) C = # ' i ' l  W  C s ( . ; _ ,s(i) s(i-l)
+ (1 -  v)
(n )  ( n )  (n )
(1 -  wXCs(j+1) +  (2w -  l ) c „ n -  w C ofi n )s(i) s(i-l)
(n + 1 )  (n )
C - C  
s(i) S ( i - l )
(4.17)
In the above equation, subscript n and n+1 refer to previous and current time steps 
respectively, and subscripts i -1 , i and i +1 refer to three consecutive segments of the 
porous medium. The term w and v are distance and time weighting parameters 
respectively. The values of w and v have the following meaning.
w = 1 backward in distance
w = 0.5 centered in distance
w = 0 forward in distance
v = 1 backward in time (implicit solution)
v = 0.5 centered in time (Crank- Nicholson solution)
v  =  0  f o r w a r d  i n  t i m e  ( e x p l i c i t  s o l u t i o n )
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r e a r r a n g e m e n t  o f  t h e  a b o v e  e q u a t i o n  y i e l d s :
A<i>D At
2Ax
rv At+ Qwv—  
2 Ax
p (n+l) 
0-1) + OA 2  A X2Ax
A { j > D g A t  Q v ( 2 w - l ) A t c (n+1) +s(i) +
A(|)D g At Qv(l -  w) At
2Ax Ax
r (n+1) 
s(i+l)
A(j)D At
2 Ax
(n) (n) (n)
C s(i+ 1) “ 2 $ i )  + C s(i-1) +
(4.18)
Qw(l -  v)
At_
Ax
(n) (n) (n)
(1 -  w )c s(i+ i) +  ( 2 w  -  !)C s(i) —  w C s(i-l) - c (n)s(i)
The initial and boundary conditions are set as follows:
Ca(x,t) = Csi for t<0
ac
dx
— = 0 fort>0
Substituting the initial and boundary conditions, equation (4.18) can be solved.
4.3.5 Instantaneous porosity of the porous medium
As a result of particle penetration in to the porous bed, the porosity of the medium will 
change. The instantaneous porosity is calculated with the following equation:
<t> =4>i -
V Ps
(4.19)
s y
Note that in the equation (4.19), the solid density is used. This will tend to be less than the 
mineral density for a monomineralic solid because it will be porous to some degree. For 
dry mineral solids, the solid density will be related to the mineral density by equation 
4.20.
Psolid ^  ^solid^P 
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( 4 . 2 0 )
4 . 3 . 6  P e r m e a b i l i t y  c a l c u l a t i o n
The following power law relationship using initial and instantaneous porosity has been 
suggested by Civan et al. (1988). This model is used to predict the instantaneous value of 
permeability in the developed model.
_k_
ki
m 3
Ol>i;
(4.21)
Also, according to Kozeny (1927) and Carman (1937):
f i \Vi . \2
1 — <Pi
k; l-<j>
(4-22)
4.3.7 Validation of the model
The model derived in this study (Equation 4.16) is intended to predict the behavior of solid 
particles contained in water during injection into a porous medium. The model is validated 
using parameters, which are employed in the experiments, and the results are compared 
with experimental data. The detailed discussion on the comparison of experimental and 
modelling results are given below.
When the model was run the diffusivity coefficient of solid particles, Ds was inferred for 
overall degree of particle retention in porous medium.
4.3.7.1 Permeability reduction predicted by the model
Figs. 4.25 through 4.28 exhibit the results of the simulation using the one-dimensional 
model. The parameters that are adopted in this simulation are concentrations, flow rates 
and porosity with different conditions. These figures show the validation by experimental 
data. The extent of initial permeability damage simulated in this model is somewhat lower 
than the experimental data.
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Fig. 4.25 Measured and predicted variation of permeability ratio as a function of time 
showing validity of model prediction with experimental data
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Pore volume injected
Fig. 4.27 Measured and predicted variation of permeability ratio as a function of pore 
volume injected (time) showing validity of model prediction with experimental data
Pore volume injected
F i g .  4 . 2 8  M e a s u r e d  a n d  p r e d i c t e d  v a r i a t i o n  o f  p e r m e a b i l i t y  r a t i o  a s  a  f u n c t i o n  o f  p o r e
v o l u m e  ( t i m e )  i n j e c t e d  s h o w i n g  v a l i d i t y  o f  m o d e l  p r e d i c t i o n  w i t h  e x p e r i m e n t a l  d a t a
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E f f e c t  o f  f l o w  r a t e
The permeability decline at different flow rates is predicted using the present model. Flow 
rates of 25 and 50 cm3/min were used in the model, at comparable levels of concentration 
of solid particles. Figs. 4.29-4.30 show the effects of flow rate on permeability alteration 
for a concentration of solid particles of 1000 ppm. The results clearly show permeability 
decline. This trend is greater at lower flow rates. The model developed in this chapter has 
been on the mass conservation of solid particles as they move through the porous bed. The 
results obtained from modeling are affected by concentration of solid particles as well as 
flow rate changes. A  similar tendency of the effect of flow rate on permeability alteration 
is obtained with other concentrations of solid particles. Fig. 4.31 demonstrates the 
modeling result of using a suspension of 500 ppm solid particles. Fig. 4.32 shows the 
agreement between the experimental data and the model simulation, together with the 
effect of flow rate.
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e f f e c t  o f  f l o w  r a t e
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Fig. 4.30 Predicted variation of permeability ratio as a function of time showing
effect of flow rate
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Effect of solids concentration
The concentrations of solid particles used in the simulation are 500 and 1000 ppm. The 
modeling results exhibit a clear tendency of permeability decline as a result of the invasion 
of solid particles. The effect is clearly shown in Figs. 4.33-4.35. When the concentration of 
solid particles is increased, so does the level of permeability damage. Again the model is 
based on the mass conservation of solid particles. The equations of the model were solved 
numerically using a finite difference scheme. The modeling results indicate that factors 
like the concentration of solid particles as well as flow rate are very important.
A Exp. Data, Flow rate = 25 cc/min
o Exp. Data, Flow rate —12.5 cc/min
- - - - Model 
- Model
Concentration: 14 ppm 
Initial porosity: 15 % 
Particle diameter: 2.35 pm 
Ds= 0.00173-0.00284 m2/s
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Fig. 4.33 Variation of permeability ratio as a function of time showing the effect of
flow rate
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4.35 Variation of permeability ratio as a function of time showing effect of
concentration
4.4 Scale formation results and discussion
The main objective of this part of the investigation is to study permeability reduction 
caused by the calcium sulphate and calcium carbonate scale deposition in porous media. A  
wide range of flow velocities, bulk temperatures and fluid bulk concentrations are 
considered. After clarification of the effect of these parameters on the deposition process a 
predictive model for permeability and porosity damage due to calcium sulphate and 
calcium carbonate scale formation is developed.
Calcium sulphate experiments:
The brines used were solutions containing various concentrations of calcium and sulphate 
rich ionic solutions. The test rig was originally designed to operate at temperatures of 50- 
80 °C, i.e. reasonable temperatures for Iranian oil fields. The flow rates used in these 
experiments range from 25 to 100 cm3/min. This corresponds to solution velocities in the 
range between 0.05cm/sec and 0.2 cm/sec. These velocities were intended to reproduce 
brines flowing through the rock immediately adjacent to producing wells, where scale is 
expected to be most damaging. The solution velocities used are rather high for Iranian oil 
fields.
1 1 8
During each run the pressure drop across the test section was recorded continuously. This 
pressure drop increased during the experiments as the test section fouled with scale. An 
increase in the pressure drop only occurred when a supersaturated solution was flowing 
through the test section. This confirms that the increase is caused by scale formation. The 
pressure drop and permeability reductions obtained from the tests are presented in figures
4.36 to 4.39. The change of permeability and the pattern it follows were the most 
significant pieces of information to be gained from the experimental study, as testified by 
the linear relation between flow rate and permeability in the Darcy equation for flow 
through a porous medium. The most striking thing about all the permeability plots shown 
in the figures is that all the curves are concave some o f them very sharply. The results at 
various temperatures, concentrations, flow rates and their effects are discussed 
individually.
Effect of temperature
The role of temperature on solubility and crystal growth of calcium sulphate is very 
important. To study the effect on the permeability reduction, a number of tests were carried 
out. In these experiments, the flow rate and concentration of injection solution were kept 
constant and the temperature varied. The tests were carried out at constant injection rates 
of 25 cm /min, 4.33 g/1 calcium ion and 2.6 g/1 sulphate ion concentration, respectively and 
temperatures of 50 and 80°C. Figs. 4.40-4.41 show variation of pressure drop and 
permeability reduction with time at different temperatures. The figures show that at higher 
temperatures the permeability declines more rapidly. This is because the rate of 
precipitation increases with temperature. The increase in temperature also increases the 
degree of supersaturation as the solubility of calcium sulphate decreases. This must have 
led to an increase of the rate of precipitation and consequently a faster permeability 
reduction.
Effect of flow rate
To investigate the effect of flow rate on pressure drop and permeability reduction a set of 
tests were performed, in which the temperature and concentration of solutions were kept 
constant while the flow rate was varied. These tests were earned out at a temperature of 
70°C, 4.33 g/1 calcium ion, and 2.6 g/1 sulphate ion concentration respectively, and flow 
rates of 50 and 100 cm /min. Figs. 4.42-4.43 show variation of the pressure drop and
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permeability decline as a function of time. From these figures, it can be seen observed that 
even at such low flow rates, the permeability decline of the porous medium is evident. In 
this study, the overall permeability of the porous medium decreased to between 35 and 
61% of the initial permeability, depending on the flow rate used.
In a more general way, the plot of permeability ratio versus log of the flow rate of fluid 
(Fig. 4.45) was found to be linear for different flow rate of fluid injected. The following 
relationship was found:
' K  >
Ki Q 2 Ki
= m In
Qi
'Qi
Qi
(4.23)
The value of m can be extracted from Fig. 4.45. It was observed that the value of m could 
be expressed as an exponential function of pore volume injected as follows:
aPVI
m = l - e
Substituting the value of m in equation (4.13) results:
7K  '
(4.24)
/ \ 
K
K.v i;
1 eaPVI Un (4.25)
The above simple relationships can be used to predict the permeability decline in a similar 
material at any new flow rate. From these figures (4.42-4.45) it is observed that the 
permeability decline due to scale formation is not only a function of pore volume injected 
(time), but also depends on the flow velocity. At higher flow velocity, the process of 
scaling increases and therefore, the overall permeability remains lower.
Effect of concentration
To study the effect of the solution concentration on the permeability reduction, a number 
of tests were carried out. In these experiments, the solution flow rate was kept constant 
while using various concentrations. These tests were carried out at an injection rate of 50 
cm3/min, with three different solution concentrations (solution type A, B and C, see Table 
3.5). Figs. 4.46- 4.47 show the variation in pressure drop and permeability decline with 
time for different concentrations at solution injection rate of 50 cm /min. These figures 
show that by increasing the concentration of the solution, supersaturation and plugging 
occurs more rapidly and consequently, the permeability ratio decreases more rapidly.
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C a l c i u m  c a r b o n a t e  e x p e r i m e n t s :
The experimental procedure for scale formation runs with calcium carbonate was exactly 
the same as the procedure used for calcium sulphate. For each run, after steady state 
conditions were reached, the experiment started. A  series of experiments was designed to 
investigate the effect of operating parameters such as flow rate, temperature and bulk 
concentration on scale formation rates of calcium carbonate solutions. The overall pressure 
drop was measured in each run for time periods up to 15 hours. Figure 4.48 shows 
measured pressure drop as a function of time. The shape of the measured pressure drop 
versus time curve is characterized by a sharp increase in pressure drop. The increase in 
pressure drop at the early stage of scale formation is thought to be due to the increase in the 
number of nucleation sites generated by the deposit. Figures 4.49 showed sharply decrease 
in permeability decline with time, which is the characteristic of adherent deposits.
Effect of temperature
The variation of pressure drop and permeability ratio with different temperature at constant 
flow rate and concentration is shown in Figure 4.50. This figure show that by increasing 
the temperature, the rate of permeability decline becomes faster. This occurred because the 
reaction rate constant increases exponentially with temperature, i.e. the rate of precipitation 
increases with temperature. The increase in temperature also causes a raise in the 
supersaturation, because the solubility of calcium carbonate decreases with temperature. 
This must have resulted in an increased rate of precipitation and consequently a 
permeability decline.
Effect of flow rate
The effect of fluid rate on the scale formation is shown in Figure 4.51 for constant 
temperature and concentrations. The results illustrate that at low flow rate, scale formation 
has already a significant effect on the permeability decline. As, the flow rate was 
increased, the rate of permeability decline become more rapid. At higher flow rates more 
calcium and carbonate ions will pass through the porous medium in a given interval of 
time. The supersatuartion at the porous medium will therefore increase the rate of 
precipitation. This increased precipitation rate will produce a larger permeability decline.
127
Pe
rm
ea
bi
lit
y 
ra
tio
 
Pr
es
su
re
 
dr
op
, 
Pa
8 0 0 0  ' --------------
* A overall section (0-41.5 cm) Flow rate: 50 cm3/min
7 0 0 0  " °  middle section (16-25.5 cm) Glass bead mean diameter: 480 pm
Temperature: 50°C
6 0 0 0  1 [Ca++]=T .77 g/1, [C Q fH > .8  g/1
5 0 0 0  :
4000 1
3„„o
2000 i
1000 J *PsAaP
0 — i—.i.i i i > i i i i ■ i i i i t ■ i ■ ■ i i i i i i i
0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  120 0
T im e , m in
F ig . 4 .4 8  V a r ia t io n  o f  p re s s u re  d r o p  as a fu n c t io n  o f  t im e
1 ----------------------------------------------------
0 . 9  : ° o
o - 8 ;  o -
- °  °  AA i A A A
°-7 I a
o . 6 ;  o  o  -
: °  o d ®  o 0ft 5 : O o CP ±9>p0chtob0 o °U .3  ; o p  c P % ^ 0cKa^ P 0 ocftp
" ° °  cooo
0 . 4  :  ° cpo
0 .3  :  Flow rate: 50 cm3/min
: Glass bead mean diameter: 480 pm
J _______________________________  Temperature: 50°C
: A middle section (16-25.5 cm) [Ca++]= 1.77 g/1
0 .1  . 0 ovcran section (0-41.5 cm) [CO3‘']=0.8 g/1
0 —I--1 I 1--- 1---1--1----1 I I 1....1 .1 . I. ..I I__ I I L—JL—I I I I I I I I ■
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  120 0
T im e , m in
F i g .  4 . 4 9  V a r i a t i o n  o f  p e r m e a b i l i t y  r a t i o  a s  a  f u n c t i o n  o f  t i m e
A^.
000O O O * Arf&V aA 
Aa
CD<S>cP-0oc%o
°°cO °o Qd o o
° °tfk°
^ r r r o / 0 ^  ^ 0 °  O, O <D
COOO 
O o x s
A m e section (16-25 5 cm  
o o e ll section (0-41 5 )
ow m mn 
et  
peratr  
[Ca+]= 7 g1 
[CO3"]=08 g1
 I u -I 1-1--1-1__I_L.
l on )
o middle section (16-25.5 cm)
F ow ra  50 cm3/mn 
Gas bead m n diam  480 pm 
peratur  
[Ca+]=1 7 g/1, [CQn=0 g l
oocKj ^-
JL —J L JL I— 1— 4 - I — I— J  J  » I » - J  1 —1— 1 I —L- i i _i—-  t » t. i t
128
©*43
2
0.9
0.8
0.7
0.6
1
I  0.5
©tt
0.4
0.3
0.2
0.1
0
%°,p>
o° £
o® ^o^po0°n
°y? o&oo
° Qs*£ o Qj
Flow rate: 50 cm3/min 
Glass bead mean diameter: 480 pm 
Solution type: E 
[Ca+2]=2.36g/l, [CO3'2]=1.06g/l
O Qj' 9> <§> oP JDtO °oo °
o Temperature^SO C 
O Te m pe ratu re= 50 C
J I L il.... ml i. . i I n I----- 1.... Ii. I I I
400 800 1200 
Time, min
1600
Fig. 4.50 Variation of permeability ratio as a function of time showing the effect of
temperature
©•PMt
2
1
03©
©tt
Time, min
F i g .  4 . 5 1  V a r i a t i o n  o f  p e r m e a b i l i t y  r a t i o  a s  a  f u n c t i o n  o f  t i m e  s h o w i n g  t h e  e f f e c t  o f  f l o w
r a t e
129
In a more general way, same as calcium sulphate the plot of permeability ratio versus log 
of the flow rate of fluid (Fig. 4.52) was found to be linear for different flow rate of fluid 
injected. The linear relationship (equation 4.25) was found. The value of m can be 
extracted from Fig. 4.52.
' K  '
k7Ki Q2
= m In
Q i Q i
It was observed that the value of m could be expressed as an exponential function of time 
or pore volume injected as follows:
at
m = l - e
The above simple relationships can be used to predict the permeability decline in a similar 
material at any new flow rate. Figures 4.53 and 4.54 shows the variation of permeability 
ratio as function of flow rate and log of the flow rate for calcium sulphate and calcium 
carbonate. From these figures it can be seen that the permeability decline due to scale 
formation of calcium carbonate is greater than calcium sulphate. In other words the rate of 
calcium carbonate formation is higher than calcium sulphate scaling.
Flow rate, cm3/min
Fig. 4.52 Exponential relationship between flow rate and permeability ratio
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E f f e e t  o f  c o n c e n t r a t i o n
Supersaturating is the most significant cause of scale formation. When the solubility 
product of Ca2+ and CO3 '2 ions exceeds its solubility product, calcium carbonate 
precipitates and forms scale. When the removal rate can be ignored, the rate of scale 
formation is usually expressed in the following form:
—  = k ( C - C * ) n I4'26)
d t
For reaction controlled scale formation n is reported to be equal to 2 [Nancollas et al,
1978]. Therefore, concentration should have an important effect on the scale formation 
process. The strong effect of calcium carbonate concentration on scale formation at 
constant temperature and flow rate is shown in Figure 4.55. The results confirm that the 
concentration does have a strong effect on the scale formation rates. Solutions at higher 
concentration produced a more rapid decline in permeability. This was expected since 
increased concentrations caused increased supersaturation and will result in a more rapid 
rate of scale formation.
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4 . 5  M o d e l l i n g  t h e  e f f e c t  o f  s c a l e  f o r m a t i o n  i n  p o r o u s  m e d i a
4.5.1 Calcium sulphate scale formation
To develop a mathematical mode capable of modelling the formation of scale in porous 
media it is necessary to predict the following:
1. The solubility of the scale forming minerals as a function of pressure, temperature and 
solution composition.
2. The rate of precipitation in the bulk of the solution.
3. The rate of scaling at a given supersaturation, concentration and fluid velocity in the 
medium.
The solubility can be calculated for a wide range of conditions using a computer program. 
(See chapter 2). The primary cause of scaling is supersaturation. When the concentration 
product of [Ca4^ ] and [SO4"] ions exceeds the saturation value, calcium sulphate 
precipitates and forms scale. Nancollas et al. [1987] studied growth and phase 
transformation of calcium sulphate. They concluded that the growth rate of calcium 
sulphate seed crystals is independent of the fluid dynamics of the system, suggesting that 
the rate of deposition is not diffusion controlled but depends on the reaction. As long as the 
removal rate can be ignored, the rate of precipitation can be expressed by:
£  = K r(AC)n = K r(Cb - C * ) n 
at
(4.27)
For diffusion controlled scaling n is equal to one; for reaction controlled scaling of 
calcium sulphate a value of 2 has been reported [Nancolass et al., 1963, 1978, 1981, 1983, 
1987].
dm
~dt
K, [Ca+ + ][S 0 4 ) K
1
sp (4.28)
where m is the number of moles of calcium sulphate precipitated in time t, Cb is the bulk 
concentration, C* is the saturation concentration of calcium sulphate, n is the order of
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reaction and Kr is the rate constant. The temperature dependence of the reaction rate 
constant follows an Arrhenius type equation and is calculated as follows:
K = K  er o
-E
RT (4.29)
The kinetic constants for two proposed reactions between calcium/sulphate and 
calcium/carbonate ions were calculated from experimental data in reduction of 
permeability and porosity. By nonlinear regression analysis of the experimental data at 
different temperature we obtain the reaction rate constant and activation energy required in 
equations 4.28 and 4.32. The results of this analysis are summarized in the following table.
salts K°, rnVkg.s E, J/mole
Calcium sulphate
3.57 xlO10 94689
Calcium carbonate
9.8x10*' 98580
These results also agree with those of previous investigation which have been made by 
Bohnet (1987), Bansal (1993) and Najibi et. al (1997) in tube with 11-35% differ. 
Therefore, equation 4.29 for calcium sulphate becomes:
-94689
10 (4.30)
K r =3 .57x10 e v
4.5.2 Calcium carbonate scale formation
The calcium carbonate scaling runs is modeled using the some procedure that was used for 
calcium sulphate. The Nancollas and Sawada [1982] investigated scale deposition of 
calcium carbonate. They concluded that in the range of experimental parameters in their 
investigation calcium carbonate deposition is mainly controlled by the reaction. 
Supersaturating is the most significant cause of scale formation. When the solubility 
product of Ca2+ and C 03‘2 ions exceeds its solubility value, calcium carbonate precipitates 
and forms scale. Therefore, when removal rate can be ignored, the scaling rate of calcium 
carbonate is expressed in the following forms:
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dn'
dt
=  K r (C  - C  ) (4 .31 )
—  = K r([Ca+ + ] -[Ca++ ] ) 2 (4.32)
dt
where [Ca**]* is the saturation concentration of calcium ions.
Electron Scanning Microscopy shows that more than 99% of the deposited calcium 
carbonate was in the form of aragonite the solubility of which has been studied in detail by 
Plummer and Busenberg [1982] and by other investigators (Wiechers et al., 1975). The 
equilibrium concentration of calcium, [Ca++], is given by the square root of solubility 
product, K sp, of aragonite which is given by the Oddo and Tomson equation [1997], 
discussed in subsection 2.3.4. The temperature dependence of the reaction rate constant
follows an Arrhenius type equation and is calculated as equation 4.29. Therefore equation
4.29 for calcium carbonates become
-9 8 5 8 0
K r =9.8xlOH e RT (4'33)
4.5.3 Rate of scale formation
The rate of scaling will be a function of time and location. Unfortunately, it is often 
impossible to determine the rate of scaling at a given position in the system at a particular 
point in time and only an average rate of scaling can be evaluated. From the amount of 
precipitation the porosity declines are calculated.
volume of scale =
(4 34)[scale concentration][flow rate][duration of experiment][molar volume of scale] v * }
molecular weight of scale
volume of scale ,
11)80316 bulk volume ^  _<|) scale (4'35)
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The power law relationship using initial and instantaneous porosity has been suggested by 
Civan et al. (1988). This model is used to predict the permeability decline in which 
discussed in section 4.3.5.
v ( a V
+  = [ +  ] (4.36)
k, U J
4.5.4 Validation of the mathematical model
The mathematical model developed in this study is intended to predict the behavior of 
scale formation in a porous medium. The model is validated using parameters, which are 
employed in the experiments, and the results are compared with experimental data.
A  comparison between the predictions of the two above models for calcium sulphate and 
calcium carbonate precipitation with experimental data is shown in Figures 4.56 through 
4.59. The experimental data are in good agreement with the predictions of the model 
suggested in this study. The average absolute error of 15% between the prediction model 
and experimental data illustrates the applicability of the suggested model.
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Fig. 4.56 Variation of permeability ratio as a function of time showing the validity of
the model for calcium sulphate
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Fig. 4.57 Variation of permeability ratio as a function of time showing the validity of
the model for calcium sulphate
Time, min
Fig. 4.58 Variation of permeability ratio as a function of time showing the validation
of model for calcium carbonate
137
Time, min
Fig. 4.59 Variation of permeability ratio as a function of time showing the validation
of model for calcium carbonate
Effect of flow rate
The prediction of permeability decline caused by different flow rates is attempted using the 
present model. Flow rates of 25, 50 and 100 cm3/min were used in the model. Figs. 4.60 
and 4.61 show the effect of flow rate on permeability alteration for given concentrations of 
calcium sulphate and calcium carbonate. At higher flow rates, the rate of permeability 
reduction is more rapid. At higher flow rates more calcium and sulphate or carbonate ions 
will pass through the porous medium in a given interval of time. The results exhibit a clear 
trend of faster permeability decline at lower flow rates.
Effect of concentration
The modeling results exhibit a clear connection between permeability decline and 
concentration as a result of the increased scale formation. This effect is clearly shown in 
Figs. 4.62 and 4.63. At higher concentration the supersaturation of the solution is also 
increased raising the rate of nucleation and crystal growth. In other words the rate of 
calcium sulphate or calcium carbonate precipitation depends on the degree of 
supersaturation.
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Fig. 4.60 Variation of permeability ratio as a function of time showing the effect of flow rate
for calcium sulphate
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Fig. 4.61 Variation of permeability ratio as a function of time showing the effect of flow rate
for calcium carbonate
139
0.9
0.8
o 0.7 
*-{3
! » 0 ,6  
S  0.5TO©
| 0.4
©
*  0.3 
0.2 
0.1 
0
1
100 200 300 400
Time, min
500 600
Fig. 4.62 Variation of permeability ratio as a function of time showing the effect of
concentration for calcium sulphate
0
1 
i tXiTO©
©Ph
200 400 600
Time, min
800 1000
F ig .  4 .63 Variation of permeability ratio as a function of time showing the effect of 
concentration for calcium carbonate
140
Therefore at higher concentrations the rate of reaction, precipitation and plugging are 
increased with more rapid plugging. It is clear that the model is sensitive and reflects well 
the permeability decline caused by the scaling as measured experimentally.
Effect of temperature
The variation of permeability ratio at different temperatures and constant flow rate and 
concentration is shown in Figure 4.64. This figure shows that at increased temperature, the 
rate of permeability decline is faster. This occurred because the rate of precipitation 
increases with temperature as the reaction rate constant increases exponentially with 
temperature. The increase in temperature also raises the degree of supersaturation as the 
solubility of calcium sulphate and calcium carbonate decrease with temperature. This also 
increases the rate of precipitation and consequent permeability decline. The modeling 
results reflect this tendency of permeability decline as a result of changed scale formation 
at different temperatures.
Time, min
Fig. 4.64 Variation of permeability ratio as a function of time showing the effect of
temperature for calcium sulphate
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4 .6  S c a le  f o r m a t io n  in  o i l  r e s e r v o i r
One of the primary causes of scale formation in oil reservoir and injection well plugging is when 
water streams from two or more sources which are incompatible are mixed. The individual 
waters may be quite stable under all system conditions and present no scale problems. However, 
after mixing, reactions between ions dissolved in the individual waters may form insoluble 
products. When this occurs, the waters are said to be incompatible. This mixing may occur at the 
surface, subsurface or in the reservoir. The results obtained from running the program for some 
water flooding, water disposal processes and the mixing of different waters from oilfield sources 
are presented. It must be mentioned that the conditions chosen for the models are not exactly the 
same as those of the reservoir formations. Generally, Iranian oilfields are very large and vastly 
extended; significant temperature variation is observed between different locations within the 
reservoir formations. The conditions chosen for the compatibility of the program are approximate 
average values which can be considered reasonable for these water injection processes.
Compatibility evaluation
The compatibility of water mixtures is assessed either from saturation index calculations or by 
experimental testing. The solubility prediction program described in Chapter 2 can indicate 
whether brine is capable of producing scale, however it does not give information on the rate 
of scale deposition.
4.6.1 Scale tendency prediction for the Persian Gulf water injection into Mishrif 
Formation in Siri oilfield (offshore)
Siri field is an oilfield which lies at the southern end of the Persian Gulf, near Siri Island and 
Median Abu-Dhabi sector and close to the Fateh field. The Siri field has a weak water drive 
and produces from the Mishrif formation. This field consists of Siri-A, Siri-B, Siri-C, Siri-D, 
Siri-E and Nosrat. Seawater injection began in 1980 in this field. Figure 1.1 in Chapter 1 
shows the history of water injection used in the Siri oilfields. Table 4.4 gives the analysis of 
the Persian Gulf water and Mishrif formation water in Siri field. Results of the compatibility 
modelling of the Persian Gulf water and Siri field formation (Siri C, D, and E) water are 
shown in Figs.4.65 through 4.67. These figures show there is a tendency to the formation of
1 4 2
calcium carbonate and strontium sulphate scale in Siri-C and Siri-D and calcium carbonate 
with calcium sulphate scale in Siri-E following the injection of Persian Gulf water.
Table 4.4- Water analysis of Persian Gulf water and Mishrif formation water in Siri Field
Ions (mg/1) Siri- C Siri-D Siri- E Nosrat Sea Water
cr 73942 70740 83324 86900 23000
S 0 4'2 635 310 142 340 3350
H C O 3' 579 528 397 244 166
M g +2 759 766 552 2 0 1 0 2996
Ca+2 3032 4525 8917 7920 267
Na+ 42215 35391 42800 43700 11750
K + 1986 - 8 8 - -
Ba+2 - - - 18 0.09
Fe+2 17 5.6 246 - 0.42
Sr+2 547 760 - 610 3.4
Li+ - - - - . -
T D S 131472 129225 137370 141000 40270
p H 6.82 5.86 6.25 5.6 7.7
C O  2 - 1 0 0 - - -
h 2s - 14 - - -
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Fig. 4.65 Saturation index for mixing of Persian Gulf water with Siri-C oilfield formation
water
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Fig. 4.67 Saturation index for mixing of Persian Gulf water with Siri-E oilfield formation
water
4.6.2 Scale formation tendency prediction for Ahwaz desalting unit No.l and No.2 
disposal water into A h w a z  well-113
Ahwaz well-113 is an injection well that took the disposal waste water of Ahwaz desalting 
units No. 1 and No. 2. This well is completed in the Asmari formation of Ahwaz field. Table
4.5 shows the water analyses for Ahwaz well-113 and disposal waters of Ahwaz desalting 
units No.l and No.2. Modelling of disposal water injection into Ahwaz well-113 was done at 
80 ° C  and 28 M P a  and results are presented in Figs. 4.68 and 4.69. These figures show that 
there is a tendency to deposit calcium carbonate scale as result of this water disposal project.
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Table 4.5- Water analysis of the well Ahwaz-113 and Ahwaz desalting units No.l and
No. 2 disposal water
Ions (mg/1)
Ahwaz desalting units 
No.l
Ahwaz desalting units 
No.2
Ahwaz well 
No. 113
cr 100723 126025 128650
S0 4‘2 481 350 193
h c o 3- 1183 793 854
M g +2 1256 2138 486
Ca+2 10357 16080 2 0 0 0
Na+ 51962 59577 35144
Fe+2 32 60 -
TD S 165994 204963 97772
pH 5.8 4.8 6.5
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Fig. 4.68 Prediction of scale formation by disposal water injection into Ahwaz well-113
Mixing ratio of Disposal water unit No.2 
Fig. 4.69 Prediction of scale formation by disposal water injection into A h waz well-113
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4 .6 .3  M i x i n g  o f  w a t e r  o f  d i f f e r e n t  l a y e r s  o f  t h e  o i l f ie ld s
Compatibility modelling was done for mixing of Asmari and Bangestan reservoir waters of 
Ahwaz, Aghajari and Maroon fields at 6 6 °C and 21 MPa. Water analyses of wells Ahwaz- 
191, Aghajari-58, Ahwaz-184 and Aghjari-56 and Marun-204 (Bangestan formation) are given 
in Table 4.6. Figs. 4.70 and 4.71 illustrate the predicted results of scale deposition due to 
mixing of two different water layer of the oilfield. As can be seen from these figures, in all 
cases calcium carbonate scale can be formed in Ahwaz and Aghajari.
Table 4.6- Water analysis of Asmari and Bangestan layers in Ahwaz, Aghajari and
Marun oil fields
Ions
(mg/1)
Ahwaz-
191
Ahwaz-
184
Aghajari-
58
Aghajari-
56
Marun-173 Marun-204
cr 91026 145641 1 1 2 2 0 0 107100 167210 105590
S 0 4'2 1600 1050 900 300 280 190
h c o 3' 244 1 2 2 0 600 2 0 0 563 610
M g +2 972 972 1300 1 1 0 0 3310 1944
Ca+2 6800 6000 7000 7200 7800 8000
Na+ 50173 86582 62900 59100 59900 55852
Fe+2 76 38 - - 45 1
T D S 150891 241503 184900 175000 239108 172187
p H 6.5 6 .2 6.9 7.5 5.3 6 .1
1 4 8
Mixing ratio of two layers formation water
Fig. 4.70 Prediction of scale formation with mixing of two layers in A h waz wells No. 191
and No. 184
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Fig. 4.71 Prediction of scale formation with mixing of two layers in Aghajari wells
No. 56 and 58
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Forties is one of the major oil fields in the North-Sea offshore production area using secondary 
oil recovery. Table 4.7 gives the composition of the Forties formation and North Sea waters. 
Fig. 4.72 illustrates the results of compatibility modelling for mixing of North Sea and Forties 
formation waters. Modeling was done at 50° C  and 30 MPa. These Figures shows the scale 
formation of barium, strontium sulphate and gypsum during seawater injection in Forties 
formation. The predicted results of the model presented here are in good agreement with Todd 
et al. prediction. However, their model only capable of predict sulphate scales. The results of 
the Todd et al. [1991] studies and field observations confirm the results of the computer 
program developed in this work.
4 .6 .4  S c a le  t e n d e n c y  p r e d i c t i o n  f o r  N o r t h - S e a  w a t e r  in je c t io n  in t o  F o r t ie s  f o r m a t io n
Table 4.7- Water analysis of North-Sea and Forties formation water
Ions (mg/1) Forties formation Sea Water
cr 53000 19800
s o 4' 2 - 2480
H C O T 360 135
M g +2 480 1320
Ca+2 3110 403
Na + 30200 1 1 0 0 0
K + 430 340
Ba+2 250 -
Sr+2 660 -
T D S 88490 35478
P H 7.9 8.0
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4.72 Prediction of scale formation in North Sea oilfieldFig,
4.6.5 Effect of temperature on scale formation
Figures 4.73 through 4.75 show the effect of temperature on scale deposition. These figures 
show that strontium and barium sulphate scale deposition increases with temperature.
4.6.6 Effect of pressure on scale formation
Figures 4.76 and 4.77 show the effect of pressure on scale deposition. These figures show that 
calcium and strontium sulphate deposition increases with pressure. Note that the pressure 
effect decreases as temperature increases. Pressure can be a major cause of calcium sulphate 
scale in producing wells. Pressure drop around the well bore can create scale back in the 
formation as well as in the tubing. Figure 4.77 shows that calcium carbonate deposition 
increase with decreasing pressure. Pressure reduction decreases C 0 2 gas partial pressure and 
increases the scale deposition of calcium carbonate.
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Fig. 4.73 Prediction of Strontium sulphate scale in Nosrat oilfield showing effect of
temperature
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Fig. 4.74 Prediction of Barium sulphate scale in Nosrat oilfield showing effect of
temperature
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C H A P T E R  F I V E
C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  F O R  F U T U R E  I N V E S T I G A T I O N S
This Ph.D. study involved laboratory investigation and modelling of the permeability 
decline caused by solid particle movement and scale formation in porous media. The 
results of the experimental study and the description of the development of a mathematical 
model have been presented in Chapter 4. Conclusions and recommendations for future 
work which are presented in this Chapter. The current research has been successful in 
achieving several important goals:
Particle movement:
1. Permeability decline is affected by the following parameters: solid particle 
concentration, flow rate, and the initial permeability of the porous medium. High rates 
of permeability damage occurred under conditions of high concentration of solid 
particles, small ratio of solid particle size to the mean pore diameter as well as low 
flow rates in low permeability porous media.
2. L o w  permeability porous media are more sensitive to permeability damage caused by 
solid particles invading pore spaces than porous media of high permeability.
3. Solid particles initially present in the porous medium can have significant effects when 
the water is injected into porous media
4. External filter cakes formed on the front surface and deposits in the first two sections 
(section 1 and 2) of the porous medium are not only a function of particle size, but also 
of the concentration of solid particles.
5. The phenomena of the invasion of solid particles into a porous medium were simulated 
by the use of a mathematical model. The modeling results provided information 
towards understanding the mechanisms of permeability alteration as solid particles 
penetrate into a porous bed. Analytical and numerical solutions of the model equations, 
which are shown in Appendix A, were obtained.
6 . The suggested model which has been developed is capable of simulating invasion of 
solid particles into the porous medium. The results obtained from running the model
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demonstrated that it could predict the trends of permeability reduction due to the 
penetration of solid particles.
7. The modelling results are in close agreement with experimental data.
8. The radial model predicts permeability reduction in radial porous media. The solution 
of radial model and application in oilfield are shown in Appendix A.
9. The injection rate has a significant effect on the permeability reduction. The effect is 
different from that is reported for pipelines. In the porous medium, as the injection rate 
is decreased, the rate of pressure drop increases too. This shows that the decrease of 
injection rate in porous media leads to faster and more severe reduction in permeability 
during water injection.
10. The quantity and nature of solid particles that are carried by the injection water into the 
porous medium are other important factors. Unfortunately, we could not do any tests 
with specified particle sizes. However, some tests were carried out with different solid 
particle concentrations in the injected water. The results show that as the concentration 
of solid particles is reduced, the reduction in permeability is slower. These results 
confirm the importance of filtering the injected water.
11. Injection zone: from the results of the tests and upon comparison of permeability 
reduction curves of the overall system and the middle part, it is concluded that 
permeability reduction takes place mostly in the inlet zone of the injected medium i.e., 
permeability reduction is more severe near the injection point. The formation damage 
due to permeability impairment takes place in the first few centimeters of the system 
and deeper parts of the system are less damaged.
12. It has been found experimentally that solid particles that are initially present in the 
porous medium can cause permeability reduction in the porous medium during water 
injection. The injection water can mobilize these particles and these mobilized particles 
can subsequently cause permeability reduction. If the solid particles are more strongly 
attached to the pore wall surface, then the required injection velocity for mobilizing the 
particles is higher.
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S c a le  f o r m a t io n :
1. Permeability decline caused by scale formation in the porous bed ranged from less than 
30% to more than 90 %  of the initial permeability, depending on the solution 
composition, initial permeability, temperature, flow rate and solution injection period. 
The pattern of permeability decline in a porous medium due to continues scaling was 
characterized by a concave curve with a steep initial decline, which gradually 
decreased to a low, but often significant, constant damage rate. The initial steepness of 
these curves generally decreased with increasing distance from the point of mixing of 
the incompatible solutions. The shape of the curve was related to changes in the 
pattern of growth of the scale crystals. The concave shape of the permeability-time 
curves was common to the majority of the porous medium flow tests.
2. Many influencing factors on scale formation have been examined. Temperature change 
had a remarkable effect on the scaling rate. At higher temperatures calcium sulphate 
and calcium carbonate scale is increased because the solubilities of calcium sulphate 
and calcium carbonate decrease with temperature. This must have increased the rate of 
precipitation and consequently the permeability decline.
3. It was observed that brines of higher degree of supersaturation produced a more rapid 
decline in permeability. This was to be expected since increased supersaturation would 
result in a more rapid rate of scale precipitation.
4. As the flow rate was increased, the rate of permeability decline becomes more rapid. At 
higher flow rates more calcium and sulphate/carbonate ions will pass through the 
porous medium in a given interval of time. The supersaturation will therefore increase, 
producing a higher rate of precipitation. This increased precipitation rate will produce a 
larger overall permeability decline. Flow rate causes more for calcium carbonate 
precipitation than calcium sulphate.
5. The modelling performed in this work was of a preliminary nature to investigate the 
suitability of the chemical kinetic modelling technique for simulation of scale 
formation in a porous medium. The model simulated, reasonably well, the pattern of 
permeability decline observed in the experimental work. Permeability decline curves 
predicted by the model were of a similar shape to those produced experimentally. The
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pattern of increased initial damage rates with higher initial permeabilities evident in the 
experimental work was also apparent in the results from the model.
6 . Permeability decline predicted by the model increased with increasing flow rate, 
temperature and concentration of the solutions. Quantitatively, the magnitude of the 
permeability change was similar to that demonstrated in the experimental work.
The model for predicting scaling tendency:
The results obtained in this study may be summarized as follows:
1. A  computer model has been developed for the prediction of sulphate and carbonate 
scaling problems caused by mixing of chemically incompatible waters as well as by 
temperature and pressure changes. The model is capable of predicting the scaling 
tendencies of barium sulphate, calcium sulphate, strontium sulphate and calcium 
carbonate deposits from various water compositions, temperatures, and pressure 
covering oilfield conditions. The model is based on the Oddo and Tomson (1997) 
model and has proved to be successful in calculating sulphate and carbonate solubilities 
over wide of ranges solution composition, pressure and temperature.
2. Applications of the computer model for scale formation prediction in water flooding 
processes and in water disposal systems were considered. Comparison of the results 
obtained from the model with field observations and experimental data confirms the 
validity of the computer model. As an example for the use of this model, the scaling 
potentials of mixing Persian Gulf injection water with Mishrif formation water and 
North Sea water injection with Forties formation water were calculated.
3. The accuracy of the results is only affected by that of the water sampling and analysis. 
The more accurate the sampling and analysis the more reliable the predictions.
Recommendations for future investigations
The recommendations for future investigations are listed below:
1. The problem of particle movement becomes more complex in the presence of another 
fluid as the third moving phase in the pores. A n  investigation of this would necessitate 
studying the flow mechanism of two immiscible fluids in porous media and then
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examining the permeability decline during which particles are carried into porous 
media by one of the fluids. The two-phase system can be either oil/water or air/water or 
foam/water. The aforementioned systems allow investigation of the effect of factors 
such as concentration, size distribution of solid particles, the ratio of the mean 
diameters of solid particles to mean diameter of pores and flow rate on the permeability 
alteration of a porous medium.
2. A n  investigation of the combined effects of the migration of porous medium fines and 
the invasion of foreign particles (liquid and solid) in injection solutions on permeability 
decline is recommended. In this research area, the colloidal and rhelogical properties of 
the injection solution should also be included in the investigation.
3. The theoretical and laboratory investigations undertaken in this study have contributed 
extensive data and several findings in the area of permeability reduction resulting from 
particle movement. The results obtained from this study need to be compared with field 
data in order to extend the use and significance of the research.
4. A n  experimental investigation of other significant factors affecting permeability 
decline e.g. heavy metal solids and bacteria in water, is required to determine the effect 
of these properties during water injection. These factors are believed to have some 
significant effects on the permeability decline of porous media.
5. The particle movement model should be extended to address the multi-dimensional 
geometry of porous media.
6 . A n  experimental investigation of the common ion effects on permeability decline 
resulting from the injection of mixed brines producing CaSCL+BaSCL or 
CaS0 4 +CaC 0 3 is recommended. These factors probably have some significant effects 
on the permeability decline of porous media.
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D e r i v a t i o n  a n d  s o lu t io n  o f  t h e  p h e n o m e n o lo g ic a l  m o d e l
A.1 Solution of the continuity equation for solid particles
Consider a one-dimensional injection system as a semi-infinite rod with porosity (j). Before 
the injection of a fluid with suspended solid particles, there are no solid particles in the 
bed. The continuity equation of solid particle invasion into the porous medium can be 
written as follows:
Inlet ►  Outlet
Fig. A.1 Schematic diagram of one-dimensional the model
± ( q C .  - D sA<|,±-Cs)Ax-AAx<|>±Cs = 0  
ox v dx y at - (A.1)
and
initial condition C g = 0 fort< 0 , 0 < x < o o  
C g = C gj for t > 0, x = 0
dCthe boundary conditions: —  = 0 for t > 0, x = ±00
dx
A.1.1 Solving equation (A.1)
In order to solve equation (A.1) more easily, a transformation is performed to eliminate 
lower order terms (Brenner, 1962)
C s(x,t)= Y(x,t) exp(ax -pt) (A.2)
C st(x,t) = Y t(x,t) + |3Y (x,t) exp( ax  - pt)
C sx (x,t)= [Yx (x,t) + a Y  (x.t)Jexp(ax-pt)
(A.3)
(A.4)
A - l
C  (x,t) sxx v 1 Y xx(X ’t) + 2 a Y x(x ’t) + a  Y (x >*) exp(ax - pt)
Substituting the above equations into equation (A.l), are obtains
<j)DsA  Y xx (x,t) + 2 a Y x (x,t) + a Y(x,t)
q [y x (x, t) + a Y  (x, t)]exp( a x  - p o -  
Y t(x,t) + pY(x,t)]exp(ax-pt) = 0
exp( ax - pt) -
Rearranging equation (A.6) yields
Y xx (x$) + 2 a +
u
<|>Ds _
Y x (x,t) +
2
a + U + P
-I'D, D
Y  (x,t) = Y t(x,t)
D
or
Y t(x,t) = D sY x k (x,t) + 2aDs ~ T
f
Y x (x,t) + 2 r A  U O t  oa  S I ~ + P *
Y  (x,t)
Let
2aD -  — 
s -)>
= 0; a  = u
2 4>d,
ua
; P =
u
4^ D,
This yields to:
C  s (x, t) = Y(x, t) exp
f 2 + >ux u t
2(j>Ds 4«j) D s /
Differentiating equation (A.7), a new equation may be obtained:
dY(x,t)= D  d 2 Y(x, t)
dt dx
The relevant initial and boundary conditions can be written as
(A.5)
(A.6)
(A.7)
(A.8)
(A.9) 
(A. 10)
(A.l 1)
(A . 12)
A -2
Y  ( x , 0 )  =  0
4*D,
v ~ j 
Y  (oo, t)=0 for all t 
A  Laplace transformation is performed
Y ( 0 , t )  =  C si e x p =  C si e x p ( p t )
CO
L Y ( x , t ) =  J Y(x, t) exp( -Pt)dt 
0
to obtain
d U(x,P) P
dx D
■U(x,P) = 0
The Laplace transformation for the boundary conditions yields
U(0,P) =
P - P  
U(oo,P) = 0
When U(oo,P) = 0, Ci must be equal to zero if the function has a boundary, 
obtains
U(0,P) = Cj exp P L
J D  S ,
+ C  2 exp D s J
_ Csi
U(°o,P) = Cj exp
f i N t
I P -oo + C  2 exp D
-oo
s j
P - P
= 0
A - 3
(A. 13) 
(A. 14) 
(A. 15)
(A. 16)
(A. 17)
(A-18)
(A. 19) 
Then are
(A.20)
(A.21)
U ( x , P )  =  e x p D
— x
S >
Csi
p - p
C si
exp
f
f t
-----\P---X
D s J
V p (Vp - # )
exp x
V D s ,
The reverse Laplace transformation results in
C  •
Y  (x,t) = — —
exp
exp
+ Pt
x - # + pt
erfc 
J
^ r 
erfc
- V F
• # T +
X
t -r ■ -y=-
2 s‘
X
+
's1 J
Substituting equation (A.9) into equation (A.23):
C s(x,t) = $i-
exp - xu u t +
exp
2*D s 4(j)2D
2
XU u t+
s
\
2^D S 4 ? D
erfc
erfc
uvt x■ +
2^
\
u V F
+
s j 2^ + 2 N 7 l
x exp (ax - pt)
c . M - y < V erfc
r \
X(|) - ut + exp
( \ ux
VD s ,
erfc
f M
X(|) + ut
j
A - 4
( A . 2 2 )
(A.23)
(A.24)
(A.25)
A . 2 C o n t i n u i t y  e q u a t io n  f o r  s o l id  p a r t ic le s  in  a  r a d i a l  s y s te m
Consider the situation of a solid particle suspended in water injected into a reservoir. 
Compared with the dimension of the radius of the injection well, the boundary of the 
reservoir can be considered as an infinite boundary. The continuity equation for solid 
particles in the radial system at constant flow rate can be written as:
d_
dr
dCC SQ  - 27ihrD s* dr = 2*hr*s- ^ -  (A.26)
where:
r: radial distance from the center of the well bore
h: thickness of the layer in the injection zone
F ig .  A . 2  S c h e m a t ic  d ia g r a m  o f  r a d i a l  s y s te m  u s e d  in  t h e  m o d e l
A -5
R e a r r a n g in g  e q u a t io n  ( A . 2 6 ) ,  i t  c a n  b e  w r i t t e n  as :
- ZKhrD + (Q - 2nhDg* ) | - C s +  | - C 8 - 0d
dr
dr dt
Let:
2Tchr<}> = Y
Equation (A.27) together with the boundary conditions can be written as:
5  -C + 1
( D
a 2 s D  
dr s
Q A c  - — A c  = o
dr s D  at s sr y y 
C s(r,0) = 0 
C s(oo,t) = 0, C s(r0 ,t) =  C  
A.2.1 Solving equation (A.29)
In order to solve the above equations, a transform with respect C s is taken, get:
si
C g (r, t) = exp(ar + pt)Y (r, t)
c st(M) =
C (r,t) srv * 7
Y t(r,t) + p Y(r, t)
Y r(r,t) + a Y(r,t)
exp(ar + pt)
exp(ar + pt)
C (r,t) = srrv 5 ' Y rr(r,t) + 2 a Y r(r,t) + a  Y(r,t) exp(ar + pt)
Substituting the above equations into equation (A.29), are obtains
Y„.(r,t) + 2 a -•D
7q _ P
r Y r +
a2_JL Q_I +J
D s $  O  D sj
1
E l im in a t in g  th e  lo w e r  o r d e r  t e r m s ,  h a s :
A - 6
( A . 2 8 )
( A . 2 9 )
( A . 3 0 )
( A . 3 1 )
( A . 3 2 )  
( A . 3 3 )
( A . 3 4 )
( A . 3 5 )
(A .27)
(A .36)
' , , o
2a D
Q_I
v t r j
r i O
= 0, a  = 2DV s
Q_l
V T r,
° SL  d  D
0, p
4 D
t o _ r 2
z rj
This leads to:
C s(r,t) = Y(r,t)exp
f /- O ' "1 ( Q  O
2D It r)V s v '
r +
4 DV s
1 (Q_l 
J  r
1 <5Y(r,t) 8 Y(r’t)
D  dis dr'
The relevant initial and boundary conditions can be written as
Y(r,0) = 0 
Y(rQ,0) = C s. exp(-(arQ +pt) 
Y(oo,t) = 0
A  Laplace transformation is performed
00
LY(r,t) = J Y(r,t)exp( -Pt)dt 
0
to obtain
d U(r,P) P
a 2 D  dr s
U(r,P) = 0
U(rnsP) =
C si exp( -ar0 )
0> ' P + p
U(oo,P) = 0
S o lv in g  th e  o rd in a ry  d if f e r e n t ia l  e q u a tio n s , o b ta in s :
A - 7
(A.38)
(A.39)
(A.40)
(A.41)
(A.42)
(A.43)
(A.44)
(A.45)
(A.46)
( A . 3 7 )
( A . 4 7 )
U ( r , P )  =  C j  e x p
f  , A
IdV V s y
+  C  2  e x p
I DV V s j
( A . 4 8 )
Whe n  U(oo,P) = 0, Ci must be equal to zero if the function has a boundary. W e  then 
obtain
P + P
The reverse Laplace transformation results in
(A.49)
Y(r,t)=Csjexp (“ aro ) + J F ' (r_ro ) + pt (A.50)
Therefore obtains
C s(r,t)=Cs-exp “ ( r - r o ) + nr 5 r “ ( r ~ ro )+2|3t (A.51)
A.2.2 Models for oilfield application
Water injection is one of the economically viable techniques for recovery of additional oil 
from nature fields. However, the brine used for water injection frequently contain 
suspended particles, which can deposit over the injection formation face and inside the 
near wellbore formation to reduce the injectivity of the water injection wells. Therefore it 
is necessary to predict the economic life of the water injection wells and the treatment 
frequencies required for stimulation of the damaged wells. This model is used for 
prediction of the formation damage by various terms, including:
• Damage ratio
• Skin factor
• Permeability reduction index
• Flow efficiency
A - 8
The skin factor is a dimensionless parameter relating the apparent (or effective) and actual 
wellbore radii according to the parameters of the damaged region:
S k in  f a c t o r
r^w-^ apparent e r^w ^actual (A.52)
Where s is the skin factor. The skin factor is lumped parameter incorporating the integral
affect of extend of damage in the near wellbore region. Frequently, in reservoir analysis
and well test interpretation, the skin factor concept is preferred for convenience and 
simplicity, and for practical reasons. Therefore, many efforts have been made to express 
the skin factor based on the analytical solutions of simplified models relating well flow rate 
to formation and fluid conditions
Permeability variation index fPVI)
The permeability variation index expresses the change of formation permeability by near 
wellbore damaged as a function, given by
K  - K  K  
P V I = ^ -  = 1- K ^  (A'53)o o
Where K  and K° denote the formation permeabilities before and after damage respectively. 
Damage ratio (DR)
The damage ratio expresses the change of well flow rate by near wellbore damage as a 
function, given by
q Q - q s „ q sD R  = --------= -1--------------------------------(A.54)
9, %
Where q° and qs denote the undamaged and damaged standard flow rates, respectively.
2n K  h(p - p  )o V I e r w
q   7  (A.55)° tiB^n(re /rw )
A -9
2 7IK oh(pe - p w ) 
q s pB[^n(re/rs) + ( K o/ K s)£n(rs/rw )] (A'56)
Where p. and B  are the fluid viscosity and formation volume factor. K° and K s are the 
undamaged and damaged effective permeabilities, h is the thickness of the effective pay 
zone, pw and pe are the wellbore and reservoir drainage boundary fluid pressure, rw and re 
are the wellbore and reservoir drainage radii, and rs is the radius of the damaged region. 
The effective skin factor, s, is defined by
s =  ( K o/ K r l)<n(rs/rw ) (A.5 7 )
Thus, substituting Eq. A.57 into A.54 yields the relationship between the damage ratio and 
skin factor as:
° R  = s + *n(Sre /r (A '58>
The economic impact of formation damage on reservoir productivity can be estimated in 
terms of the annual revenue loss by formation damage per well (FD$L) at a given price of 
oil, p, according to Amaefule et al. (1988):
F D $ L  = 365 days }
year J [ q day J ! P bbl J
$ Y  bbl unproduced
bbl theoritica 1 (A.59)
Flow efficiency
Flow efficiency is the ratio of the damaged to undamaged formation flow (production or 
injection) indices:
FI , p - p P - Appg _  d _ r wf
FI P - P
(A.60)
w f
Where p and pwf denote the average reservoir fluid and flowing well bottom hole
pressures, respectively, and A p g is the additional pressure loss by the skin effect. The flow
A - 1 0
efficiency of vertical wells for radial and incompressible fluid flow at a steady state 
condition is given by:
fn(r /r )
F E  = .......   * /■■■*■—  (A.61)v s + fn(r /rw )
A - l l

B-l
P h o t o g r a p h  B - l  T e s t  r ig
Photograph B-2 External tank A  design
P h o t o g r a p h  B - 3  P e r is t a l t i c  p u m p  a n d  M a r p r e n e  t u b i n g
B-2
Photograph B-4 Design of the test section
P h o t o g r a p h  B - 5  P r e s s u r e  t r a n s d u c e r s
B-3
Photograph B-6 Isolated test section
P h o t o g r a p h  B - 7  T e s t  r i g  d a t a  a c q u is i t io n  s y s te m
B-4
The detailed locations of the thermocouples are illustrated in Fig. B-l.
A p p e n d i x  B - 2  C a l ib r a t io n  o f  th e r m o c o u p le s
LTC
Fig. B-l Detail of thermocouple locations at two axial positions along the test section.
The heat conducted through the radial distance is given by
_ 2tcA,I • (Ttc -  T,)
Multiplying equation (B.l) by
(r. - r, )/(r„ -r,)
and taking
(p. -r,)/ln(r0/r,) 
as the mean radius, rm. Then the heat transfer rate per unit area is
q A.(Ttc-T,)
(B-l)
(B-2)
(B-3)
(B-4)
By  performing a steady state energy balance the wall, bed and surface temperatures 
can be related.
B-5
±  =  U  • (ttc -  T b ) = a  • (Ts -  T„ ) =  E . (XTC - T s) 
A  x
( B - 5 )
Equation (B-5) can be rearranged to give:
±  = ±  + £  (B-6)
U  a  X
If a  can be related to some measurable quantity such as velocity, then an estimation 
for x/X, using equation (B-6 ), can be found. The following equations, which are well 
documented in any standard heat transfer textbook, are assumed to be valid.
a  = F(Re,Pr) (B-7)
a  =  a-Rem -Pr° (B-8)
If all properties remain constant then
a oc u,n (B-9)
Sieder and Tate, 1936 give the numerical value of the exponent m, as 0.333 for 
laminar flow. Noting this and grouping all the constants of proportionality into a 
single constant, a, one obtains:
a + 1  (B-10)
U  u IU”  X
A ftftA
Equation (B-10) shows that a plot of 1/U versus 1/u ' , for each thermocouple, gives
x/X as the intercept and a as the slope. Therefore, the values of X/x can be calculated. 
Table B-l illustrates the values of X/x for different thermocouples.
T C TC11 TC12 TC13 TC14 TC21 TC22 TC23 TC24
X/x 4673 4710 5935 7035 5086 5668 6050 5412
Table B-l The values of X/x for different thermocouples.
B -6
1/T
J, 
m
I/o0'333
1 1 Fig. B-2 —  versus ------ used to estimate $ss/x
U  y  0.333
B-7

Appendix C  
Computer programs:
C.l Program for prediction of permeability decline during particle movement and
scaling
• Solution of the model -Model solution by M A T A L A B  program (Version 5.3.2) by in 
the simulink software, 
clear
Phi0=0.11;
Vb=pi/4*50A2*0.1 * 1 Ofr-6);
PV=Vb*PhiO;
Q=0.7/(6* 10A7);
Ci=0.008;
BC=8000/Ci;
Cinfmity=0;
D=0.25/10000;
U = 1/6000;
dt=3;
dx=0.01;
a=-U/D/PhiO*2*dx; 
b=-1 /D*2 *dxA2/dt; 
k=0; t=0;
dt=PV/Q+2* 10A7*(U-(0.33/6000))+l .8* 10A5*(0.004-Ci) 
time=100*dt; infinity==l; 
x=0:dx: infinity; 
n=length(x);
A=zeros(n-2,n-2);
B=zeros(n-2,l);
H=100*ones(n-2,1);
d=100*ones(n-2,l);
T=100*ones(n-2,1);
Ans=zeros(n-2,n-2); 
while t<time 
A(l,D = b-2;
A (l,2 )= l;
B( 1 )=-2*Ci-(a+1 )*T(2)+(a+b+2)*T( 1); 
for i=2:n-3 
A (i,i- l)= l;
A(i,i)=b-2;
A(i,i+ l)= l;
B(i)=-T(i-1 )+(a+b+2)*T(i)-(a+1 )*T(i+1); 
end
A(n-2,n-3)=l;
A(n-2,n-2)=b-2;
B(n-2)=T(i-3)+(a+b+2)*T(i-2)-(a+2)*Cinfinity;
T=inv(A)*B; 
t=t+dt; 
k=k+l; 
for s=l :n-2 
Ans(s,k)=T(s); 
end 
end
L=(n-2)-10; 
for s=l:n-2
H(s)=Ans(s,L)/BC; 
end
C-l
Cout=[0;H;0]; 
t=0:dt:time; 
for s=2:n
Cout(s, 1 )=Cout(s, 1 )+Cout(s-1,1); 
end 
Tl=fliplr(t);
dC=0.000275/U*flipud(Ci-Cout);
T= 10*(U/0.33)*rot90(T 1);
Phi=Phi0-((dC).*T/(10*U/0.33)*Q)/(2.5*Vb);
K=(Phi/PhiO).A3
figure(l);
subplot( 1,1,1);
plot(t,K);
xlabel('Time (sec)'), ylabel('Permeability (K/Ki)')
%program
clc
clear
format long 
zz='rgbcmky. ;
n_max=5;
pp=input('density o f  particles(gr/cmA3 ) - ); 
p=pp;
Y=input('viscosity o f  solution(cp)-); 
VVb=input(,bulk volume(cmA3)~ );
Vb=VVb;
ddz=input('dz(cm)[a b c ...]—); 
dz~ddz;
DD=input('diffusivity(cmA2/s)-);
D=DD;
KKi=input('initial permeability(darcy)-); 
K i= KKi;
hh=input('prosity n_max[a a a ...]-); 
hi=input('initial prosity o f core-); 
ht=input('total prosity=');
%ddt=input('pore volume injection time(s)-); 
%dt=ddt;
%z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6; 
%B=-zA2/(D*dt);
mm=menu('select one o f these options','plot k/ki vs. P V  injection for total o f block','plot k/ki vs. PV  
injection for each blockYplot k/ki vs.damage length','plot Q/Qi vs. P V  injection for total o f 
blockVplot exit concentration vs. P V  injectionYplot pressure drop vs.PV injection','plugging pore 
volume injectionYinjectivity index vs. pore volume injection'/exit'); 
while mm<10
delete(figure(l),figure(2),figure(3),figure(4),figure(5),figure(6))
clc;
mm=menu('select one o f these options1,'plot k/ki vs. P V  injection for total o f  block','plot k/ki Vs. P V  
injection for each blockVplot k/ki vs.damage length','plot Q/Qi vs. P V  injection for total o f 
block'/plot exit concentration vs. P V  injection','plot pressure drop vs.PV injectionVplugging pore 
volume injection','injectivity index vs. pore volume injectionVexit'); 
i f  m m = l;
clear Ka pt C  K a  Qa t u uu time
C-2
L=input('how many input concentration or velocity do you want to perform?-); 
time=input('how many time of pore volume injection do you want to perform?-); 
for g=l:L 
Q=hh;
Qi=hi;
Qt==ht;
ddt=input('pore volume injection time(s)-); 
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);uu=input('u(cm/s)-);
uQ=uu*ht;
u=uu;
CC=input('concentration(gr/cmA3)[a;a;a;a;..]-);
C=CC; 
for t=l:time 
U==u*3.14*(3.2A2)/4; 
for n=l :n_max
Ian(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))~(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0  0 0 0;
Ian(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 Ian(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C;
Qt=Qt-((C( 1 )-C(n_max+l))*U*dt)/(p*Vb);
K(t)=Ki*((Qt/Qi)A3);
Qa(t)=Qt;
u=uQ/Qt;
end
Ka=K/Ki;
KKK=Ka;
KKK=KKK' 
pt=l :time; 
figure(l);
hold on;plot(pt3Ka5zz(g)),xlabel('P.V.injectionr),yIabel('k/kol);
pause;
end
legendfpro. 1 Vpro.2Vpro.3','pro.4Vpro.5Vpro.6Vpro.7Vpro.8Vpro.9Vpro. 1 O',3); 
SS=menu('are yuo want to know in what pore volume inj. core is pluging?VyesVno’) 
if SS=1;
clear Ka pt C Ka Qa t u uu time Kb 
ddt=input('pore volume injection time(s)-); 
dt=ddt;
uu=input(’u(cm/s)-);
u=uu;
p=pp;
Vb=W b;
d2F=ddz;
Q=hh;
C-3
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3 )+dz(4)+dz(5))/6; 
B=-zA2/(D*dt);
CC=input('concenfration(gr/cmA3)[a;a;a;a;..]-);
C=CC;
fort=l:inf
U=u*3. 14*(3.2 A2)/4;
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0  0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);j;
I=inv(a);
C=I*C; 
for i=l:nmax
Q(i)=Q(i)-((C(i)-C(i+l))*U*dt)/(p*Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Q ;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p*Vb); 
K(t)=Ki*((Qt/Qi)A3);
Qa(t)=Qt;
Ka(t)=K(t)/Ki;
u=uQ/Qt;
if Ka(t)<=l * 10A-100 
Ka;
PLUGING=t
pt=l:t;
w=g+l;
figure(w);
plot(pt,Ka),xlabel('P.V.injection'),ylabeI('k/ko');
ti=4*t/5;
textftij.OSj'pluging')
break
end
end
pause
elseif SS— 2; 
dispfthank you') 
end 
pause
elseif mm— 2 ;
C-4
clear Ka pt C Ka Qa t u uu Kb time;
L=input('how many input concentration or velocity do you want to perform?-); 
time=input('how many time o f pore volume injection do you want to perform?-); 
for g=l:L
ddt=input('pore volume injection time(s)-); 
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3 )+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
uu=input('u(cm/s)-);
u=uu;
p=pp;
Vb=W b;
dz~ddz;
Q=hh;
D=DD;
Qi—hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
C=input('concentration(gr/cmA3)[a;a;a;a;..]-);
fort=l:time
U=u*3.14*(3.2A2)/4;
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0  0 0 0 ; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C; 
for i=l:n_max
Q(0“ Q(0-((C(i)-C(i+1 ))*U*dt)/(p* Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Qt==Qt-((C( 1 )-C(n_max+l ))*U*dt)/(p*Vb);
Q ;
u=uQ/Qt;
end
Kb;
pt=l:time;
pptt=pf
Kc=Kb/Ki
figure(g); 
for i=l:n_max
hold on;plot(ptJKc(l:time,i),zz(i)),xlabel(,P.V.injection'),ylabel('k/ko for each block’);
C-5
legend(,blocklVblock2t,'block3Vblock4Vblock5',3);
end
pause;
end
pause
elseif mm— 3; 
clear Kc; 
clear pt;
gg=menu('selectVplot with pluging pore volume injectuionVplot with desire pore volume
injection1);
i fg g = l ;
clear Kc
ddt=input('pore volume injection time(s)-); 
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3 )+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
uu=input('u(cm/s)-);
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q~hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
CC=input('concentration(gr/cmA3)[a;a;a;a;..]-);
C=CC; 
for t=l:inf 
U=u*3.14*(3.2A2)/4; 
for n=l:n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I==inv(a);
C=I*C; 
for i=l:n_max
Q(i)=Q(0-((C(i)-C(i+1 ))*U*dt)/(p* Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Q ;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p* Vb);
K(t)=Ki *((Qt/Qi) A3 );
C-6
Qa(t)=Qt;
Ka(t)=K(t)/Ki;
u=uQ/Qt;
if Ka(t)<= 1 * 10A-100 
Ka;
PLUGING=t
break
end
clear Kc 
clear Ka 
end
if PLUGING<100 
clear Kc pt 
u=uu
p=pp;
Vb=Wb;
dz=ddz;
Q=hh;
D=DD;
Qi“ hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
% U=u*3. 14*(3.2A2)/4;%B=(dz( 1) A2)/(D*dt) 
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6; 
B=-zA2/(D*dt); 
time=PLUGING;
C=CC 
for t=l:time 
U=u*3.14*(3.2A2)/4; 
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+1;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 Ian(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C; 
for i=l:n_max
Q(i)==Q(iH(C(i)-C(i+l))*U*dt)/(p*Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Qt=Qt-((C(l)-C(n_max+l))*U*dt)/(p!»!Vb);
u=uQ/Qt;
Kb;
Kc=Kb/Ki; 
ssz=0; 
for i—1:5
C-7
ssz=ssz+dz(i);
sz(i)=ssz;
end
sz;
figure(l);
plot(sz,Kc),xlabel('distance'),ylabel('k/ko');
end
pause
clear Kc;
clear sz
delete(figure(l));
elseif PLUGING>=100
clear Kc Kb u uu Q Qt Kb;
ddt=input('pore volume injection time(s)-);
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);CC==input('concentration(gr/cmA3)[a;a;a;a;..]-); 
time=input('how many time of pore volume injection do you want to perform?-); 
uu=input(,u(cm/s)~); 
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
% U=u*3.14*(3.2A2)/4;%B=(dz( 1 )A2)/(D*dt) 
z-(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
C=CC; 
for t=l:time 
U=u*3.14*(3.2A2)/4; 
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+1;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C; 
for i=l :n_max
Q(i)=Q(i)-((C(i)-C(i+l))*U*dt)/(p*Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p* Vb);
C-8
Kb;
Kc=Kb/Ki;
ssz=0;
u=uQ/Qt;
for i—1:5
ssz=ssz+dz(i);
sz(i)=ssz;
end
sz;
figure(2);
p l o t f s Z j K c l ^ l a b e l C d i s t a n c e J j y l a b e l C k / k o ' ) ;
end
pause
clear sz
clear Kc;
end
delete(figure(2))
elseif g g = 2;
clear Kc Kb u uu Q Qt Kb
ddt=input('pore volume injection time(s)-);
dt=ddt;
CC=input('concentration(gr/cmA3)[a;a;a;a;..]-);
time=input('how many time of pore volume injection do you want to perform?-);
uu=input('u(cm/s)“ );
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
% U=u*3.14*(3.2A2)/4;%B=(dz( 1 )A2)/(D*dt) 
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
C=CC; 
fort=l:time 
U=u*3.14*(3.2A2)/4; 
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+1;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 Ian(5) gam(5);];
I=inv(a);
C=I*C;
C-9
for i=l:n_max
Q(i)=Q(i)-((C(i)-C(i+l))*U*dt)/(p*Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Qt=Qt-((C(l)-C(n_max+l))*U*dt)/(p*Vb);
Kb;
Kc=Kb/Ki;
ssz=0;
u=uQ/Qt;
for i—1:5
ssz=ssz+dz(i);
sz(i)=ssz;
end
sz;
figure(3);
plot(sz,Kc),xlabel('distance'),ylabel('k/ko');
end
pause
clear sz
clear Kc;
delete(figure(3))'
end
pause
elseif mm— 4;
L=input('how many input concentration or velocity do you want to perform?-); 
time=input('how many time of pore volume injection do you want to perform?-); 
forg=l:L 
% clear QbQl pt;
ddt=input('pore volume injection time(s)-); 
dt=ddt;
uu=input('u(cm/s)-);
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
C=input(,concentration(gr/cmA3)[a;a;a;a;..]-);
fort=l:time
U=u*3.14*(3.2A2)/4;
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0 ; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
C-10
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U* dt)/(p* Vb);
Qa(t)=Qt;
u=uQ/Qt;
end
Qb=Qa/Qi;
Ql=Qb;
pt=l:time;
figure(l);
hold on;plot(pt,Ql,zz(g)),xlabel('P.V.injection'),ylabel('Q/Qi');
pause;
end
legend('pro. 1 7pro.2','pro.37pro.4','pro.57pro.6','pro.7ypro.8Vpro.9','pro. 1 O',3); 
pause
elseif mm==5 
clear pt C6 u C
ddt=input('pore volume injection time(s)-); 
dt=ddt;
C=input('concentration(gr/cmA3)[a;a;a;a;. .]=');
uu=input('u(cm/s)-);
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
Ki=KKi;
dt=ddt;
uQ=uu*ht;
z=(dz( 1 )+dz(2)+dz(3 )+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
time=input('how many time o f pore volume injection do you want to perform?-);
fort=l:time
U=u*3.14*(3.2A2)/4;
for n=l:n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0  0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C - l l
C=I*C; 
for i=l:n_max
Q(i)=Q(i)-((C(i)-C(i+l))*U*dt)/(p*Vb);
end
Q ;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p* Vb);
C6(t)=C(6);
u=uQ/Qt;
end
C6;
pt=l:time;
figure(l)
plot(pt,C6)
pause
delete (figure(l)) 
elseif mm= 6
L=input('how many input concentration or velocity do you want to perform?-); 
time=input('how many time of pore volume injection do you want to perform?-); 
for g=l:L
dzt=dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5);
A=3.14*(3.2A2)/4;
Q=hh;
Qi=hi;
Qt=ht;
ddt=input('pore volume injection time(s)-); 
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
uu=input('u(cm/s)-);
uQ=uu*ht;
u=uu;
CC=input(1concentration(gr/cmA3)[a;a;a;a;..]-)
C=CC; 
for t=l:time 
U=u*3.14*(3.2 A2)/4; 
for n=l:n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+l;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a-[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 Ian(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p*Vb);
K(t)=Ki*((Qt/Qi)A3);
P(t)=U*dzt*Y/(K(t)*A);
Qa(t)=Qt;
u=uQ/Qt;
end
C-12
P ;
ppp=p*
U ;
pt=l:time;
flgure(l)
hold on;plot(pt,P,zz(g)),xlabel('P.V.injection1),ylabelfpressure drop’);
%Iegend('pro.r,,pro.27pro.3Vpro.47pro.57pro.67pro.77pro.87pro.97pro.l0',3);
pause
end
pause
elseif m m =7
ddt=input('pore volume injection time(s)-); 
dt=ddt;
uu=input('u(cm/s)-);
u=uu;
p=pp;
Vb=VVb;
dz=ddz;
Q=hh;
Q=hh;
D=DD;
Qi=hi;
Qt=ht;
uQ=uu*ht;
Ki=KKi;
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
CCs=input(,concentration(gr/cmA3)[a;a;a;a;..]-)
C=CC; 
for t=l:inf 
U=u*3.14*(3.2A2)/4; 
for n=l :n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+1;
gam(n)=( 1 -(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a=[l 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 Ian(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C; 
for i=l:n_max
Q(i)=Q(iH(C(i)-C(i+l))*U*dt)/(p*Vb);
Kb(t,i)=Ki*((Q(i)/Qi)A3);
end
Q ;
Qt=Qt-((C( 1 )-C(n_max+1 ))*U*dt)/(p* Vb);
K(t)=Ki*((Qt/Qi)A3);
Qa(t)=Qt;
Ka(t)=K(t)/Ki;
C-13
u=uQ/Qt;
if Ka(t)<=l * 10A-100 
Ka;
PLUGING=t
pt=l:t;
figure(l);
plotfpfKabxlabelCP.V.injection'XylabelCk/ko');
ti=5*t/6;
textftij.OSj'pluging')
break
end
end
clear Ka 
pause
elseif mm= 8  
clear pt injectivity
L=input('how many input concentration or velocity do you want to perform?-); 
time=input('how many time o f pore volume injection do you want to perform?-); 
for g=l:L
dzt=dz(l)+dz(2)+dz(3)+dz(4)+dz(5);
A=3.14*(3.2A2)/4;
Q=hh;
Qi=hi;
Qt=ht;
ddt=input('pore volume injection time(s)-); 
dt=ddt;
z=(dz( 1 )+dz(2)+dz(3)+dz(4)+dz(5))/6;
B=-zA2/(D*dt);
dt=ddt;
uu=input('u(cm/s)=');
uQ=uu*ht;
u=uu;
CC=input('concentration(gr/cmA3)[a;a;a;a;..]-);
C=CC; 
fort=l:time 
U=u*3.14*(3.2A2)/4; 
for n=l:n_max
lan(n)=((-2+(u*dz(n)/(Q(n)*D)))/B)+1;
gam(n)=(l-(u*dz(n)/(D*Q(n)))-(dz(n)A2/(D*dt)))/B;
end
lan;
gam;
a—[1 0 0 0 0 0; 
lan(l) gam(l) 0 0 0 0;
1 lan(2) gam(2) 0 0 0;
0 1 lan(3) gam(3) 0 0;
0 0 1 lan(4) gam(4) 0;
0 0 0 1 lan(5) gam(5);];
I=inv(a);
C=I*C;
Qt=Qt-((C(l)-C(n_max+l))*U*dt)/(p*Vb);
K(t)=Ki*((Qt/Qi)A3);
P(t)=U*dzt*Y/(K(t)*A);
Qa(t)=Qt;
U(t)=U;
C-14
u=uQ/Qt;
injectivity(t)==U(t)/P(t);
end
p;
U ;
pt=l:time;
figure(l)
hold on;plot(pt, injectivity, zz(g)),xlabel('P.V.mjection'),ylabel('mjectivity index');
pause
end
l e g e n d C p r o . l ’ / p r o ^ ' / p r o . S ' j ' p r o A V p r o . S V p r o ^ V p r o . T ' j ' p r o . S ' / p r o . P ' j ' p r o . l O ' j S )
pause
elseif mm— 9
break
end
end
• The follow ing QUICK BASIC program is used by the model to predict the 
permeability decline during particle movement in  porous media.
S C R E E N  9 
C O L O R  1 1 ,  5 
P A I N T  ( 9 ,  6 ) ,  4 
C L S
L O C A T E  1 0 ,  1 0
I N P U T  " E n t e r  t h e  f i l e  n a m e  > " ;  a $  
a $  =  " c : \ m o d e l \ "  +  a $  +  " . t x t "
O P E N  a $  FO R  O U T P U T  A S  # 1
L O C A T E  1 ,  2 8 :  P R I N T  " I n  t h e  n a m e  o f  g o d "
L O C A T E  2 ,  6 :  P R I N T  s t a r t  m o d e l  p l e a s e  e n t e r  t h e  f o l l o w i n g
p a r a m e t e r s  *  * * * * * * * "
L O C A T E  8 ,  5 :  P R I N T  " F l o w  R a t e  ( c c / m i n ) .................................................. > 1 0 0  "
L O C A T E  9 ,  5 :  P R I N T  " R a d i u s  ( c m 2 ) ......................................................................> 3 2  "
L O C A T E 1 0 , 5 : P R I N T " D i f f u s i o n  C o e f f i c i e n t ( c m 2 / s e c ) . . . . > 1  *
L O C A T E U r 5 : P R I N T " P o r o s i t y . ............................................................................... > . 3 8  T
L O C A T E 1 2 , 5 : P R I N T " T i m e  ( s e c ) ............................................................................> 5 0 0 0 *
L O C A T E 1 3 , 5 : P R I N T " D i s t a n c e  ( c m ) .................................................................. > 4 1 . 5 '
L O C A T E 1 4 , 5 : P R I N T " l e n g t h  o f  p a c k  ( c m ) ..................................................> 5 8
L O C A T E 1 5 , 5 : P R I N T " D e n s i t y  o f  p a r t i c l e s  ( g r / c c ) .................> 2 . 0 5 '
L O C A T E 1 6 , 5 : P R I N T " i n l e t  c o n c e n t r a t i o n  ( g r / c c ) .................... > . 0 2  '
L O C A T E 1 7 , 5 : P R I N T " i n i t i a l  p e r m e a b i l i t y  ( m 2 ) . . . . > 1 . 7 e - 1 0  "
L O C A T E 8 , 4 0 : I N P U T q
L O C A T E 9 , 4 0 : I N P U T r
L O C A T E 1 0 , 4 0 : I N P U T d
L O C A T E 1 1 , 4 0 : I N P U T p h i
L O C A T E 1 2 , 4 0 : I N P U T t
L O C A T E 1 3 , 4 0 : I N P U T X
L O C A T E 1 4 , 4 0 : I N P U T 1
L O C A T E 1 5 , 4 0 : I N P U T r o s
L O C A T E 1 6 , 4 0 : I N P U T c i
L O C A T E 1 7 , 3 5 : I N P U T k i
C-15
I F  q  =  0  T H E N  L E T  q  =  1 0 0  
I F  r  =  0 T H E N  L E T  r  =  3 2  
I F  d  =  0 T H E N  L E T  d  =  1 
I F  p h i  =  0  T H E N  L E T  p h i  =  . 3 8  
I F  t  =  0  T H E N  L E T  t  =  1 0 0 0 0 !
I F  x  =  0  T H E N  L E T  x  =  4 1 . 5  
I F  1  =  0  T H E N  L E T  1  =  5 8  
I F  r o s  =  0  T H E N  L E T  r o s  = 2 . 0 5  
I F  c i  =  0 T H E N  L E T  c i  =  . 0 2  
I F  k i  =  0 T H E N  L E T  k i  =  1 . 6 E - 1 0  
C L S
I N P U T  " E n e t e r  n u m b e r  o f  a v a i l a b l e  d a t a " ;  f o  
D I M  c i l ( f o )
D I M  c o l ( f o )
F O R  i  =  1 TO  f o
L O C A T E  7 +  i ,  2 0 :  P R I N T  "  t i m e ( " ;  i ;  ” ) > "
L O C A T E  7  +  i ,  3 2 :  I N P U T  c i l ( i )
L O C A T E  7 +  i ,  4 0 :  P R I N T  "  c o n c ( " ;  i ;  " ) > "
L O C A T E  7 +  i ,  5 2 :  I N P U T  c o l ( i )
N E X T  i
R E M  'k'k'k'k'k'k'k'k'k'k'k'k'kJc-k'k'k'k'k'k-k'k-k'k'k'fc’k'k'k'k'k'k'k'k'k'k'k'k-k-k'k'k'k-k'k'k'k'k-k'k 
C L S
q  =  q  *  , 0 0 0 0 6  
u  =  q /  r A 2 /  A T N ( l )  
a  =  r  A 2 /  A T N ( l )
L O C A T E  1 ,  2 3 :  P R I N T  " * * * * * * * * r u n n i n g  m o d e l * * * * * "
F O R  h g  =  1  T O  1 0
P R I N T  " t o  e n d  P r e s s  E n t e r  "
I N P U T  d  
C L S
I F  d  <  . 0 1  T H E N  G O T O  1 5 5  
W IN D O W  ( - 1 0 ,  - l ) - ( t ,  2 )
L I N E  ( - 1 0 ,  0 ) - ( t ,  0 ) ,  6  
L I N E  ( 0 ,  - l ) - ( 0 ,  2 ) ,  6  
FO R  t l  =  2 0 0  T O  t  S T E P  6
a l f a  =  ( x  *  p h i  -  u  A 2  *  t l )  /  ( 2  *  p h i  *  ( d  *  t l )  A . 5 )
b e t a  =  ( x  *  p h i  +  u  A 2 *  t l )  /  ( 2  *  p h i  *  ( d  *  t l )  A . 5 )
n  =  1 2  
a  =  0  
b  =  0
F O R  x  =  1 T O  n  
f  =  1
F O R  y  =  1 T O  x  
f  =  f  *  y  
N E X T  y
a  =  a  +  a l f a  A ( 2  *  x  +  1 )  *  ( - 1 )  A ( x )  /  ( 2  *  x  +  1 )  /  ( f )
b  =  b  +  b e t a  A ( 2  *  x  +  1 )  *  ( - 1 )  A ( x )  /  ( 2  *  x  +  1 )  /  ( f )
N E X T  x
s  =  1  +  a  +  ( 1 + b )  *  E X P ( x  *  u  /  p h i  /  d )
s =  s  /  2
p h i n  =  p h i  +  1 0 0 0  *  q  *  t l  *  c i  /  r o s  / a / 1 *  ( 1 - s )
p h i n  =  p h i n  /  p h i
P S E T  ( t l ,  s ) ,  1 3
REM  P R I N T  p h i n
P R I N T  # 1 ,  t l ,  ,  p h i n ,  s
N E X T  t l
R E M  P R I N T  s
F O R  n l  =  1  TO  f o
P S E T  ( c i l ( n l ) , c o l ( n l ) ) ,  1  
N E X T  n l  
N E X T  h g  
1 5 5  :
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C L O S E
P R I N T  " E n d  o f  t h e  p r o g r a m  "  
P R I N T  "  y o u r  f i l e  n a m e  i s  " ;  a $
The fo llow ing QUICK BASIC program is used by the developed computer program to 
predict the scaling index during water in jection in  o il reservoirs and incom patib ility 
effects.
" I n  t h e  n a m e  o f  G o d "
" T h e  n e w  m o d e l  t o  s c a l e  p r e d i c t i o n "
=  " ;  t
—  H .  r-v
S C R E E N  9 
C O L O R  8 ,  1 1  
C L S  
j  =  0  
q  =  0 
P R I N T
P R I N T  T A B ( 3 0 ) ;
P R I N T  T A B ( 3 0 ) ;
P R I N T  T A B ( 3 0 ) ;  " "
L O C A T E  2 3 ,  3 0
I N P U T  " p r e s s  e n t e r  t o  c o n t i n u e " ;  a $
C L S
L O C A T E  5 ,  2 0 :  I N P U T  " T e m p e r a t u r e ( o F )
L O C A T E  6 ,  2 0 :  I N P U T  " P r e s s u r e ( P s i ) . .
D I M  C r  ( 1 0 ) ,  C w ( 1 0 ) ,  c ( 1 0 ) ,  s i ( 1 0 ) ,  m ( 1 0 )  A S  D O U B L E
m ( 1 )  «  1 3 6
m ( 2 )  =  ( 1 3 7 . 3 4  +  9 6 )
m ( 3 )  =  ( 8 7 . 6 2  +  9 6 )
m ( 4 )  =  9 6
m ( 5 )  =  6 0
C L S
r a l :
L O C A T E  5 ,  2 0 :  P R I N T  " E n t e r  i n j e c t e d  w a t e r  "
L O C A T E  6 ,  2 0 :  P R I N T  " i n i t i a l  c o n c e n t r a t i o n  ( m g \ l ) " 
L O C A T E  9 ,  2 0
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  C a + +  " ;  C r ( l )  
L O C A T E  1 1 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  B a + +  " ;  C r ( 2 )
L O C A T E  1 3 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  S r + +  " ;  C r ( 3 )
L O C A T E  1 5 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  S 0 4 =  " ;  C r ( 4 )
L O C A T E  1 7 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  C 0 3 =  " ;  C r ( 5 )
C L S
L O C A T E  5 ,  2 0 :  P R I N T  " E n t e r  r e s e r v o i r  w a t e r  "
L O C A T E  6 ,  2 0 :  P R I N T  "  i n i t i a l  c o n c e n t r a t i o n ( m g \ l ) "
L O C A T E  9 ,  2 0
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  C a + +  " ;  C w ( l )
L O C A T E  1 1 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  B a + +  " ;  C w ( 2 )
L O C A T E  1 3 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  S r + +  " ;  C w ( 3 )
L O C A T E  1 5 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  S 0 4 =  " ;  C w ( 4 )
L O C A T E  1 7 ,  2 0 :
I N P U T  " E n t e r  I n i t i a l  c o n c e n t r a t o n  o f  C 0 3 =  " ;  C w ( 5 )
L O C A T E  2 0 ,  2 0
I N P U T  " E n t e r  M i x i n g  r a t i o  W a t e r / F o r m a t i o n  " ;  x
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F O R  i  =  1  T O  5
C r ( i )  =  ( ( 1  -  x )  *  C r ( i )  +  x  *  C w ( i ) )  /  m ( i )
N E X T  i  
s  — 0
F O R  i  ~  1  T O  5
s = s + 2 * C r ( i )
N E X T  i  
1  =  0
F O R  i  =  1  T O  3
1 = 1 + 2 *  C r ( i )
N E X T  i  
g  =  0
F O R  i  =  4 T O  5
g = g + 2 * C r ( i )
N E X T  i  
p  =  g  *  1
R E M  " C a l c u l a t i o n  o f  z :
z  =  s
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L O C A T E  1 0 ,  2 5
I F  p  =  0  T H E N  P R I N T  "  t h e r e  i s  a n  e r r o r  w i t h  i n i t i a l i z a t i o n "  
L O C A T E  1 1 ,  2 5
I F  p  =  0 T H E N  P R I N T  "  t r y  a g a i n "
L O C A T E  1 2 ,  2 5  
q  =  q  +  1 
C L S
I F  { ( p =  0 )  A N D ( q  < 4 )  ) T H E N G O T O  r a l
L O C A T E 9 ,  2 0
I F  { ( p -  0 )  A N D ( q  - 4 )  ) T H E N P R I N T  "  c h e c k  y o u r  d a t a "
L O C A T E
oCMOi—I
I F  ( ( p =  0 )  A N D ( q  = 4 )  ) T H E N P R I N T  " t h e r e  i s  n o  S C A I L L I N G "
I F  ( ( p =  0 )  A N D ( q  = 4 )  ) T H E N E N D
s  =  s  /  1 0 0 0  
g  =  0
F O R  i  =  1 T O  3  
g  «  g  +  C r ( i )
N E X T  i
K s t  =  1 . 8 6  +  . 0 0 4 5  *  t  -  . 0 0 0 0 0 1 2  *  t  A 2  
K s t  =  K s t  +  . 0 0 0 1 0 7  *  p  -  2 . 3 8 5  *  s  A . 5
K s t  =  K s t  +  . 5 8  *  s  -  . 0 0 1 3  *  s A . 5  *  t
K s t  =  1 0  A K s t
c ( 4 )  =  - ( 1  +  K s t  *  < g  -  C r  ( 4 ) ) )
c  ( 4 )  =  c  ( 4 )  +  ( ( 1  +  K s t  *  ( g  -  C r  ( 4 )  ) )  A 2 +  4 *  K s t  *  C r  ( 4 )  ) A
c  ( 4 )  =  c  ( 4 )  /  ( 2  *  K s t )
F O R  i  =  1 T O  3
c  ( i )  »  C r  ( i )  /  ( 1  +  K s t  *  c ( 4 ) )
N E X T  i
s i  ( 1 )  -  L O G ( c ( 1 )  *  c ( 4 ) )  +  3 . 4 7  +  . 0 0 1 8  *  t
s i  ( 1 )  =  s i ( 1 )  +  . 0 0 0 0 0 2 5  *  t  A 2  -  . 0 0 0 0 5 9  *  p
s i  ( 1 )  «  s i  ( 1 )  -  1 . 1 3  *  s  A . 5  +  . 3 7  *  s  -  . 0 0 2  *  s  A . 5  *  t
s i ( 2 )  -  L O G ( c ( 2 )  *  c ( 4 ) )  +  1 0 . 0 3  -  . 0 0 4 8  *  t
s i  ( 2 )  «  s i  ( 2 )  +  . 0 0 0 0 1 1 4  *  t  A 2  -  . 0 0 0 0 4 8  *  p
s i  ( 2 )  =  s i  ( 2 )  -  2 . 6 2  *  s  A . 5  +  . 8 9  *  s  -  . 0 0 2  *  s A . 5  *  t
s i  ( 3 )  =  L O G ( c ( 3 )  *  c ( 4 ) )  +  6 . 1 1  +  . 0 0 2  *  t
s i  ( 3 )  =  s i  ( 3 )  +  . 0 0 0 0 6 4  *  t  A 2 -  . 0 0 0 0 4 6  *  p
s i  ( 3 )  =  s i  ( 3 )  -  1 . 8 9  *  s  A . 5  +  . 8 7  *  s  -  . 0 0 1 9  *  s  A . 5  *  t
C L S
f  -  1
F O R  i  =  1  T O  5  
f  =  f  *  c  ( i )
N E X T  i  
j  =  j  +  1
I F  f  <  0  T H E N  P R I N T  " O u t  o f  R a n g e  D a t a "
C-l 8
I F  ( ( f  <  0 )  A N D  ( j  > 2 ) )  T H E N  G O T O  r a l  
C O L O R  8 ,  6 
C L S  .
L O C A T E  1 ,  3 0
P R I N T  " S A T U R A T I O N  I N D E X E S "
P R I N T
P R I N T
P R I N T
P R I N T
P R I N T
P R I N T  V* OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO II
P R I N T  " °  "  C a + +  " ;  s i ( l ) ;  "
P R I N T  "
P R I N T  "  °  " ;  "  B a + +  s i  ( 2 ) ;  "  °  »
P R I N T  "
P R I N T  " °  " ;  "  S r + +  " ;  s i  ( 3 ) ;  "  °  "
o  o  „
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO If
P R I N T  "
P R I N T  "
E N D
L O C A T E  8 ,  3 0
P R I N T  " C a + +  " ;  s i ( l )
L O C A T E  1 0 ,  3 0
P R I N T  " S r + +  . s i ( 3 )
L O C A T E  1 2 ,  3 0
P R I N T  " B a + +  s i ( 2 )
C.2 Physical Properties o f  water and solutions:
The physical properties required fo r calculation o f perm eability during particle movement 
and scale formation were taken from  the International C ritica l Tables. In this reference the 
physical properties o f solution are tabulated as a function o f temperature and /or 
concentration. The data fo r each physical property are curve fitted by Table Curve software 
to find the required correlation. For determ ination o f the viscosity o f the solution, the 
viscosity o f water is determined firs t and then it  is corrected fo r the presence o f salt.
C L S
D I M  a ( 5 ) ,  b ( 5 ) ,  c { 5 ) ,  d ( 5 ) ,  e { 5 )
L O C A T E  1 0 ,  2 6  
C O L O R  1 3
I N P U T  " B U L K  T E M P E R A T U R E  ( C )  =  T b  
' D E N S I T Y
* ' k ' k 'k 'k i e 'k 'k - k - k 'k 'k 'k 'k 'k 'k 'k 'k 'k
F O R  i  =  1  T O  5 
R E A D  a ( i )
N E X T  i
D A T A  9 9 9 . 7 7 6 4 6 ,  . 0 0 9 8 6 5 9 9 3 1 ,  9 .  9 4 4 0 8 3 9 , - 1 .  4 5 9 8 5 6 e - 5 , - .  0 2 3 0 6 5 1 8 8  
r h o  =  ( ( a ( 1 )  +  a { 3 )  *  T b  +  a ( 5 )  *  T b  A 2 )  /  ( 1  +  a ( 2 )  *  T b  +  a ( 4 )  *  T b  A 
2 ) )
r h o s  =  ( ( a ( l )  +  a ( 3 )  *  T s  +  a { 5 )  *  T s  A 2 )  /  ( 1  +  a ( 2 )  *  T s  +  a ( 4 )  *  T s  A 
2 ) )
' V I S C O S I T Y
I ‘k ' k ’k ’k ' k ' k ' k ’k ' k ' k i k l c ' k ' k i e i t ' k ' k
F O R  i  =  1  T O  5 
R E A D  b ( i )
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N E X T  i
D A T A  . 0 4 2 3 3 1 3 2 7 , . 0 1 5 3 7  6 3 7 3 , - 8 . 1 0 4 1 6 2 3 e - 5 , - 6 . 0 1 9 9 3 2 1 e - 5 , - 1 . 7 1 0 9 2 4 7 e - 7  
m u  -  ( ( b < 1 )  +  b ( 3 )  *  T b  +  b ( 5 )  *  T b  A 2 )  /  ( 1  +  b ( 2 )  *  T b  +  b ( 4 )  *  T b  A 
2 )  )  A  2
m u s  =  ( ( b ( 1 )  +  b { 3 )  *  T s  +  b ( 5 )  *  T s  A 2 )  /  ( 1  +  b { 2 )  *  T s  +  b ( 4 )  *  T s  A 
2 ) )  A  2
P R I N T  
C O L O R  2
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P R I N T  "  = = = = = = = = = = = = = = — = = = = = = = - = = = = = = = = = = = = — = = = = = = = = = = = = = = = = = «
C O L O R  1 5  
P R I N T
P R I N T  T A B ( 2 0 ) ;  "  D E N S I T Y  ( k g / m 3 )  r h o
P R I N T  T A B ( 1 7 ) ;  "  V I S C O S I T Y  ( k g / m . s )  = " ;  m u
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Appendix D- Some Experimental Data Banks
D l-C Iean Bed Experim ents
Dp=265p.m, sand beads Porosity=0.3830
Q,
cm 3/m in
u, m/sec P i,P a P2,P a P 3 ,  Pa P4, Pa Ps, Pa P6, Pa Ap/1, Pa/m
! 200 0.00417 27511 22873 18234 12725 8086 3447 57986
175 0.00365 24432 20279 16127 11195 7042 2889 51911
150 0.00313 20554 17041 13528 9357 5844 2331 43911
125 0.0026 17043 14099 11156 7660 4717 1773 36795
100 0.00208 13166 10862 8558 5823 3519 1215 28798
75 0.00156 9703 7959 6215 4144 2401 657 21798
50 0.00104 6240 5056 3872 2466 1283 99 14798
From  the graph o f Ap/1 versus u, slope=m=Vis/K=1.41E7 which gives K  as 6 .0 3 e -ll, m2
Q,
cm 3/m in
u, m/sec P1-P2, Pa Pi~P3, Pa P1-P4, Pa P1-P5, Pa Pi -Pg, Pa
200 0.00417 4639 9278 14786 19425 24064
175 0.00365 4153 8306 13237 17390 21543
150 0.00313 3513 7026 11197 14710 18223
125 0.0026 2944 5887 9383 12326 15270
100 0.00208 2304 4608 7343 9647 11951
75 0.00156 1744 3488 5558 7302 9046
50 0.00104 1184 2368 3773 4957 6141
Pressure drop during  axial distance, Pa
Q,
cm 3/m in 200 175 150 125 100 75 50
x, m
1 0 0 0 0 0 0 0 0
0.08 4639 4153 3513 2944 2304 1744 1184
0.16 9278 8306 ‘ 7026 5887 4608 3488 2368
0.25 14786 13237 11197 9383 7343 5558 3773
0.33 19425 17390 14710 12326 9647 7302 4957
0.415 24064 21543 18223 15270 11951 9046 6141
Com parison E xperim enta l Data and Predicted Data o f Pressure Drop, Pa
Exp. Data Predicted Predicted % E rro r------------------- >
Q,
cm 3/m in u, m/sec Re Ap/1, Exp Ergun Darcy Ergun Darcy
200 0.00417 1.38142 57986 53826 54891 7.17423 5.33634
175 0.00365 1.20916 51911 46966 48046 9.52607 7.4446
150 0.00313 1.03689 43911 40148 41201 8.56901 6.17047
125 0.0026 0.86132 36795 33243 34225 9.65489 6.98577
100 0.00208 0.68905 28798 26510 27380 7.94384 4.92329
75 0.00156 0.51679 21798 19819 20535 9.07552 5.79302
50 0.00104 0.34453 14798 13171 13690 10.995 7.48711
% Avg. E rro r— > 9 6.3
D -l
Dp=245pm, Glass Beads  Porosity=0.3787
Q ,
cm 3/m in
u, m/sec P i, Pa P2, Pa P3, Pa P 4, Pa Ps, Pa Pe, Pa Ap/I, Pa/m
2 0 0 0 .0 0 4 1 7 6 5 7 0 1 2 7 5 5 1 8 9 4 0 2 6 2 8 4 3 2 4 6 8 3 8 6 5 3 7 7 3 0 8
! 1 7 5 0 .0 0 3 6 5 5 7 1 8 1 0 9 9 5 1 6 2 7 3 2 2 5 3 9 2 7 8 1 7 3 3 0 9 4 6 5 9 6 5
1 5 0 0 .0 0 3 1 3 5 0 5 8 9 5 6 3 1 4 0 6 8 1 9 4 1 8 2 3 9 2 3 2 8 4 2 8 5 6 3 1 2
1 2 5 0 .0 0 2 6 4 3 2 5 8 0 5 6 1 1 7 8 7 1 6 2 1 8 1 9 9 4 9 2 3 6 8 1 4 6 6 4 1
1 0 0 0 .0 0 2 0 8 3 3 9 3 6 3 3 5 9 2 7 6 1 2 7 6 9 1 5 7 1 1 1 8 6 5 3 3 6 7 7 0
7 5 0 .0 0 1 5 6 2 6 8 5 4 8 2 2 6 9 5 9 9 4 9 7 1 1 6 3 4 1 3 7 7 1 2 6 7 1 4
5 0 0 .0 0 1 0 4 1 9 8 0 3 4 2 4 4 8 6 9 6 5 8 5 8 0 2 9 9 4 7 4 1 8 0 5 8
From  the graph o f Ap/I v u, slope m =Vis/K=1.89E7 w hich gives K  as 4.41E-11, m2
Q ,
cm3/m in u, m/sec P1-P2, Pa P1-P3, Pa P1-P4, Pa P1-P5, Pa P1-P6, Pa
2 0 0 0 .0 0 4 1 7 6 1 8 5 1 2 3 6 9 1 9 7 1 4 2 5 8 9 8 3 2 0 8 3
1 7 5 0 .0 0 3 6 5 5 2 7 7 1 0 5 5 4 1 6 8 2 1 2 2 0 9 8 2 7 3 7 5
! 1 5 0 0 .0 0 3 1 3 4 5 0 5 9 0 1 0 1 4 3 6 0 1 8 8 6 5 2 3 3 7 0
1 2 5 0 .0 0 2 6 3 7 3 1 7 4 6 3 1 1 8 9 3 1 5 6 2 5 1 9 3 5 6
1 0 0 0 .0 0 2 0 8 2 9 4 2 5 8 8 3 9 3 7 6 1 2 3 1 8 1 5 2 5 9
7 5 0 .0 0 1 5 6 2 1 3 7 4 2 7 4 6 8 1 2 8 9 4 9 1 1 0 8 6
5 0 0 .0 0 1 0 4 1 4 4 5 2 8 8 9 4 6 0 5 6 0 4 9 7 4 9 4
Pressure drop during axial distance, Pa
Q ,
cm 3/m in 2 0 0 1 7 5 1 5 0 1 2 5 1 0 0 •75 5 0
x, m * h -------------
0 0 0 0 0 0 0 0
0 .0 8 6 1 8 5 5 2 7 7 4 5 0 5 3 7 3 1 2 9 4 2 2 1 3 7 1 4 4 5
0 .1 6 1 2 3 6 9 1 0 5 5 4 9 0 1 0 7 4 6 3 5 8 8 3 4 2 7 4 2 8 8 9
0 .2 5 1 9 7 1 4 1 6 8 2 1 1 4 3 6 0 1 1 8 9 3 9 3 7 6 6 8 1 2 4 6 0 5
0 .3 3 2 5 8 9 8 2 2 0 9 8  * 1 8 8 6 5 1 5 6 2 5 1 2 3 1 8 8 9 4 9 6 0 4 9
0 .4 1 5 3 2 0 8 3 2 7 3 7 5 2 3 3 7 0 1 9 3 5 6 1 5 2 5 9 1 1 0 8 6 7 4 9 4
Com parison Experim ental Data and Predicted Data o f Pressure D rop, Pa
Exp. Data Predicted %  Error
Q ,
cm3/m in u, m/sec Re Ap/I, exp Ergun Ergun
2 0 0 0 .0 0 4 1 7 1 .2 7 5 2 4 7 7 3 0 8 7 3 7 0 8 4 .6 5 6 1 3
1 7 5 0 .0 0 3 6 5 1 .1 1 6 2 2 6 5 9 6 5 6 4 3 3 4 2 .4 7 2 4 6
1 5 0 0 .0 0 3 1 3 0 .9 5 7 1 9 5 6 3 1 2 5 5 0 1 2 2 .3 1 0 2 8
1 2 5 0 .0 0 2 6 0 .7 9 5 1 1 4 6 6 4 1 4 5 5 6 4 2 .3 0 9 5 2
1 0 0 0 .0 0 2 0 8 0 .6 3 6 0 9 3 6 7 7 0 3 6 3 4 6 1 .1 5 0 9 8
7 5 0 .0 0 1 5 6 0 .4 7 7 0 7 2 6 7 1 4 2 7 1 8 2 1 .7 5 2 2 8
5 0 0 .0 0 1 0 4 0 .3 1 8 0 4 1 8 0 5 8 1 8 0 6 9 0 .0 6 0 3 7
% Avg. E rro r— > 2 .1
D-2
Dp-338)ini, Glass Beads Porosity=0.3792
Q>
cm3/min u, m/sec P i, Pa P2, Pa P3, Pa P4, Pa Ps, Pa ?6, Pa Ap/1, Pa/m
200 0.00417 3546 6863 10179 14118 17434 20751 41457 j
175 0.00365 2881 5783 8685 12131 15032 17934 36274
150 0.00313 2413 4901 7388 10342 12829 15317 31092
125 0.0026 2073 4146 6219 8680 10753 12826 25910
100 0.00208 1461 3120 4778 6747 8405 10063 20728
75 0.00156 968 2211 3455 4932 6176 7419 15546
50 0.00104 423 1252 2081 3066 3895 4724 10364
From the graph o f Ap/1 v u, slope m=9.936E6 w h ich  gives K  as 7.89E-11, m2
Q,
cm3/min U, m/sec P1-P2, Pa P1-P3, Pa P,-P4, Pa P 1-P5, Pa P i-P 6, Pa
200 0.00417 3317 6633 10572 13888 17205
175 0.00365 2902 5804 9250 12152 15054
150 0.00313 2487 4975 7928 10416 12903
125 0.0026 2073 4146 6607 8680 10753
100 0.00208 1658 3316 5286 6944 8602
75 0.00156 1244 2487 3964 5208 6452
50 0.00104 829 1658 2643 3472 4301
Pressure drop during  axia l distance, Pa
Q,
cm3/min 200 175 150 125 100 •75 50
x, m A n  P o _A M  « -
0 0 0 0 0 0 0 0
0.08 3317 2902 2487 2073 1658 1244 829
0.16 6633 5804 4975 4146 3316 2487 1658
0.25 10572 9250 7928 6607 5286 3964 2643
0.33 13888 12152 ' 10416 8680 6944 5208 3472
0.415 17205 15054 12903 10753 8602 6452 4301
Comparison Experim ental Data and Predicted D ata o f Pressure D ro p , Pa
Exp. Data Predicted Predicted %  E rr  or-------- >
Q,
cm3/min u, m/sec Re Ap/1, exp E rgun D arcy E rgun D arcy
2 0 0 0.00417 1.75931 41457 38971.1 41700 5.99624 0.58615
175 0.00365 1.53992 36274 33979.1 36500 6.32652 0.62304
150 0.00313 1.32054 31092 29024.8 31300 6.64867 0.66898
125 0.0026 1.09693 25910 24014 26000 7.31767 0.34736
1 0 0 0.00208 0.87754 20728 19135.8 20800 7.68142 0.34736
75 0.00156 0.65816 15546 14295.3 15600 8.04518 0.34736
50 0.00104 0.43877 10364 9492.5 10400 8.40893 0.34736
% Avg. E rro r— > 7.2 0.46
D-3
Dp-480{.im, Glass Beads Porosity=0.3804
Q,
cm 3/m in u, m/sec P i, Pa P2, Pa P3, Pa P4, Pa Ps, Pa P6, Pa Ap/1, Pa/m
200 0.00417 | 3187 4840 6493 8456 10 110 11763 20665
175 0.00365 2930 4362 5795 7497 8930 10363 17912
150 0.00313 2579 3805 5030 6485 7710 8935 15315
125 0.0026 1893 2949 4004 5258 6313 7368 13193
100 0.00208 1249 2115 2980 4008 ' 4873 5739 10818
75 0.00156 599 1283 1968 2781 3465 4150 8557
50 0.00104 -25 477 980 1577 2079 2582 6283
From  the graph o f Ap/1 v  u, slope=m=4.78E6 which gives K  as 1.59E-10, m2
Q,
cm 3/m in u, m/sec P 1-P2, Pa P1-P3, Pa P 1-P 4, Pa P1-P5, Pa Pi-Pe, Pa
200 0.00417 1653 3306 5270 6923 8576
175 0.00365 1433 2866 4568 6001 7433
150 0.00313 1225 2450 3905 5131 6356
125 0.0026 1055 2 1 1 1 3364 4420 5475
100 0.00208 865 1731 2759 3624 4489
75 0.00156 685 1369 2182 2867. 3551
50 0.00104 503 1005 1602 2105 2608
Pressure drop during  axial distance, Pa
Q,
cm 3/m in 200 175 150 125 100 '75 50
x, m Ap, Pa-
0 0 0 0 0 0 0 0
0.08 1653 1433 1225 1055 865 685 503
0.16 3306 2866 2450 2 1 1 1 1731 1369 1005
0.25 5270 4568 3905 3364 2759 2182 1602
0.33 6923 6001 5131 4420 3624 2867 2105
0.415 8576 7433 6356 5475 4489 3551 2608
Com parison E xperim enta l Data and Predicted Data o f Pressure D rop, Pa
Exp. Data Predicted Predicted %  Error------------------- >
Q>
cm /m in u, m/sec Re Ap/1, exp Ergun Darcy Ergun Darcy
200 0.00417 2.49842 20665 19343 21741 6.39776 5.20597
175 0.00365 2.18687 17912 16839 19030 5.9913 6.242
150 0.00313 1.87532 15315 14361 16319 6.232 6.55404
125 0.0026 1.55777 13193 11862 13556 10.0911 2.74595
100 0.00208 1.24622 10818 9437 10845 12.7658 0.24496
75 0.00156 0.93466 8557 7038 8133 17.7463 4.94861
50 0.00104 0.62311 6283 4666 5422 25.7424 13.7051
% Avg. E rro r-—> 12.14 5.7
D-4
Com parison E xperim enta l Data and Predicted Data o f Pressure D rop, Pa
Exp. Predicted Exp. Predicted Exp. Predicted Error--------
Q,cm3/min D p =  480pm D p = 33 8  pm D p=245 pm Dp=480 pm Dp=338 pm Dp=245 pm
0 0 0 0 0 0 0 0 0 0
25 1653 1652 3 3 17 33 17 6185 5973 0.000925 1.51E-05 0.03429
50 3306 3303 6633 6633 12369 11945 0.000925 1.66E-05 0.03429
75 5270 5265 10572 ' 10571 19714 19800 0.000928 1.7E-05 0.004386
100 6923 6916 13888 13700 25898 26900 0.000927 0.013544 0.038683
125 8576 8568 17205 17600 31083 31983 0.000928 0.022979 0.028951
0 0 0 0 0 0 0 0 0 0
25 1433 1448 2902 2902 5277 5238 0.01067 6.89E-06 0.007476
50 2866 28 96 5804 5804 10554 10475 0.010667 6.89E-06 0.007475
75 4568 4616 9250 9250 16821 16695 0.010667 7.57E-06 0.007475
100 6001 6065 12152 12152 22098 22400 0.010666 7.41 E-06 0.013656
125 7433 7513 15054 15054 26975 27171 0.010667 7.31 E-06 0.007242
0 0 0 0 0 0 0 0 0 0
25 1225 1233 2487 2487 4505 4510 0.006268 8.04E-06 0.001212
50 2450 2466 4975 4500 9010 9021 0.006268 0.095426 0.001212
75 3905 39 30 7928 7929 14360 14377 0.006268 7.57E-06 0.001213
100 5131 5163 10416 10416 18865 18888 0.006268 7.68E-06 0.001213
125 6356 6396 12903 12903 23590 23398 0.006267 7.75E-06 0.008138
D2- Particle M ovem ent Experim ents
Dp=480pm, Glass Beads Q=25cm3/m in
Porosity=0.3804 C=1000ppm lo ad ed  w ith  alum ina
Tim e, min
Section 4 Section 3 Section 2 Section 1 Overall
AP6.5, Pa AP5-4, Pa AP4-3, Pa AP3-1, Pa AP6_„ Pa
0 320 311 369 621 1612
100 327 327 393 691 1697
200 341 341 445 818 1832
300 370 357 486 956 1942
400 379 379 520 1036 2056
500 393 401 543 1110 2149
600 398 420 577 1151 2239
700 409 432 595 1219 2336
800 414 444 625 1268 2406
900 426 455 659 1295 2480
1000 432 467 683 1381 2547
1100 438 464 710 1445 2559
1200 450 464 724 1480 2579
1300 457 467 753 1554 2643
1400 460 471 769 1554 2687
1500 482 471 802 1635 2709
1600 493 474 820 1703 2732
1700 518 474 839 1726 2779
D-5
Perm eability, m2
Time, min Section 4 Section 3 Section 2 Section 1 Overall
K 6-5, m2 K 5-4, m2 K4-3,m2 K 3-1, m2 K 6_i, m2
0 1.5E-10 1.54E-10 1.54E-10 1.54E-10 1.5E-10
100 1.46E-10 1.46E-10 1.45E-10 1.39E-10 1.5E-10
200 1.4E-10 1.4E-10 1.28E-10 1.17E-10 1.4E-10
300 1.29E-10 1.34E-10 1.17E-10 IE -10 1.3E-10
400 1.26E-10 1.26E-10 1.09E-10 9.24E-11 1.2E-10
500 1.22E-10 1.19E-10 1.05E-10 8.62E-11 1.2E-10
600 1.2E-10 1.14E-10 9.86E-11 8.32E-11 1.1E-10
700 1.17E-10 1.11E-10 9.55E-11 7.85E-11 1.1E-10
800 1.16E-10 1.08E-10 9.09E-11 7.55E-11 IE -10
900 1.12E-10 1.05E-10 8.62E-11 7.39E-11 IE -10
1000 1.11E-10 1.02E-10 8.32E-11 6.93E-11 9.7E-11
1100 1.09E-10 1.03E-10 8.01E-11 6.6 2E-11 9.7E-11
1200 1.06E-10 1.03E-10 7.85E-11 6.47E-11 9.6E-11
1300 1.05E-10 1.02E-10 7.55E-11 6.16E -U 9.4E-11
1400 1.04E-10 1.02E-10 7.39E-11 6.16E-11 9.2E-11
1500 9.93 E - ll 1.02E-10 7.08E-11 5.85E-11 9.2E-11
1600 9.7E-11 1.01E-10 6.93E-11 5.62E-11 9.1E-11
1700 9.24E-11 1.01E-10 6.78E-11 5.54E-11 8.9E-11
Perm eability ra tio
Time, min Section 4 Section 3 Section 2 Section 1 Overall
K/Ki6.5 K/Kts.4 K/K14.3 K/K13.1 KTKifi.t
! 0 0.971 1 1 1 1
100 0.95 0.95 0.94 0.9 0.95
200 0.91 0.91 0.83 0.76 0.88
300 0.84 0.87 0.76 0.65 0.83
400 0.82 0.82 0.71 0.6 0.784
500 0.79 0.775 0.68 0.56 0.75
600 0.78 0.74 0.64 0.54 0.72
700 0.76 0.72 0.62 0.51 0.69
800 0.75 0.7 0.59 0.49 0.67
900 0.73 0.683 0.56 0.48 0.65
1000 0.72 0.665 0.54 0.45 0.633
1100 0.71 0.67 0.52 0.43 0.63
1200 0.69 0.67 0.51 0.42 0.625
1300 0.68 0.665 0.49 0.4 0.61
1400 0.675 0.66 0.48 0.4 0.6
1500 0.645 0.66 0.46 0.38 0.595
1600 0.63 0.655 0.45 0.365 0.59
1700 0.6 0.655 0.44 0.36 0.58
D-6
Dp=480jJ.m, Glass Beads Q=50cm3/m in
Porosity=0.3804 C— lOOOppm loaded with alumina
Time, min Section 4 Section 3 Section 2 Section 1 Overall
AP6.5, Pa APs-,, Pa AP4.3, Pa AP3-1, Pa AP6.i, Pa
0 621 621 738 1243 3224
100 625 628 769 1397 3324
200 634 641 785 1614 3430
300 647 654 811 1776 3504
400 650 668 879 1942 3622
500 661 676 889 2072 3706
600 663 691 889 2302 3793
700 676 698 911 2437 3884
800 691 698 934 2589 3932
900 698 706 941 2738 4050
1000 706 710 950 2891 4081
1100 714 714 963 3107 4209
1200 723 723 997 3187 4264
1300 728 731 997 3482 4416
1400 736 745 1001 3656 4541
1500 745 758 1011 3789 4606
1600 757 767 1011 3884 4672
1700 754 767 1039 4010 4741
Perm eab ility, m2
Time, min Section 4 Section 3 Section 2 Section 1 Overall
Kfi-s, m2 K5_4, m2 K4-3, m2 K3_„ m2 K?!, in2
0 1.54E-10 1.54E-10 1.54E-10 1.54E-10 1.5E-10
100 1.53E-10 1.52E-10 1.48E-10 1.37E-10 1.5E-10
200 1.51E-10 1.49E-10 1.45E-10 1.19E-10 1.4E-10
300 1.48E-10 1.46E-10 1.4E-10 1.08E-10 1.4E-10
400 1.47E-10 1.43E-10 1.29E-10 9.86E-11 1.4E-10
500 1.45E-10 1.42E-10 1.28E-10 9.24E-11 1.3E-10
600 1.44E-10 1.39E-10 1.28E-10 8.32E-11 1.3E-10
700 1.42E-10 1.37E-10 1.25E-10 7.85E-11 1.3E-10
800 1.39E-10 1.37E-10 1.22E-10 7.39E-11 1.3E-10
900 1.37E-10 1.36E-10 1.21E-10 6.99E-11 1.2E-10
1000 1.36E-10 1.35E-10 1.2E-10 6.62E-11 1.2E-10
1100 1.34E-10 1.34E-10 1.18E-10 6.16E-11 1.2E-10
1200 1.32E-10 1.32E-10 1.14E-10 6.01E-11 1.2E-10
1300 1.32E-10 1.31E-10 1.14E-10 5.5E-11 1.1E-10
1400 1.3E-10 1.28E-10 1.13E-10 5.24E-11 1.1E-10
1500 1.28E-10 1.26E-10 1.12E-10 5.05E-11 1.1E-10
1600 1.26E-10 1.25E-10 1.12E-10 4.93E-11 1.1E-10
1700 1.27E-10 1.25E-10 1.09E-10 4.77E-11 IE-10
D-7
E ffect o f Concentration:
Dp=480pm Q=25cm3/m in
Porosity=0.3804 C=500-2000ppm loaded 
w ith  alum ina
AP i_6, Pa K /K ii.6
Tim e C=500ppm C=1000ppm C==2000ppm C=500ppm C=1000ppm C=2000ppm
0 1500 1612 1642 1 1 1
200 1659 1832 2217 0.96 0.88 0.8
400 1712 2056 2571 . 0.93 0.784 0.69
600 1769 2239 2861 0.9 0.72 0.62
800 1830 2406 3007 0.87 0.67 0.59
1000 1896 2547 3225 0.84 0.633 0.55
1200 1966 2579 3478 0.81 0.625 0.51
1400 2042 2687 3620 0.78 0.6 0.49
1600 2123 2732 3856 0.75 0.59 0.46
D3- Scale Form ation Experim ents:
D3.1 Calcium  Sulphate Experim ents:
Dp=480pm, Glass Beads, Q=25cm3/m in , Solution type: A
Temperature=50°C T  em perature=80°C
Tim e A P 16, Pa K/Kfr.6 Tim e A P i.6, Pa K /K ipg
10 1534 0.998 1 1527 1.000
18 1553 0.985 16 1590 0.990
26 1545 0.990 31 1555 1.012
34 1553 0.985 46 1574 1.000
42 1477 1.036 61 1590 0.990
50 1530 1.000 76 1659 0.948
58 1533 0.998 91 1590 0.990
66 1545 0.990 106 1638 0.961
74 1535 0.997 121 1638 0.961
82 1532 0.999 136 1631 0.965
90 1533 0.998 151 1659 0.948
98 1535 0.997 166 1689 0.932
106 1533 0.998 181 1708 0.922
114 1533 0.998 196 1735 0.907
122 1538 0.995 211 1751 0.899
130 1539 0.994 226 1708 0.922
138 1541 0.993 241 1792 0.878
146 1542 0.992 256 1839 0.856
154 1544 0.991 271 1873 0.840
162 1544 0.991 286 1890 0.889
170 1538 0.995 301 1839 0.856
178 1539 0.994 316 1972 0.798
186 1541 0.993 331 2086 0.755
D-8
194 1539 0.994 346 2086 0.755
202 1539 0.994 361 2063 0.763
210 1539 0.994 376 2120 0.742
218 1594 0.960 391 2272 0.693
226 1518 1.008 406 2272 0.693
234 1602 0.955 421 2363 0.666
242 1594 0.960 436 2423 0.649
250 1638 0.934 451 2363 0.666
258 1824 0.869 466 2385 0.660
266 1647 0.929 481 2363 0.666
274 1672 0.915 496 2423 0.649
282 1669 0.917 511 2423 0.649
290 1760 0.869 526 2385 0.660
298 1739 0.880 541 2363 0.666
306 1821 0.840 556 2454 0.641
314 1846 0.829 571 2561 0.614
322 1984 0.771 586 2594 0.607
330 1918 0.798 601 2770 0.568
338 1929 0.793 616 2614 0.602
346 1976 0.774 631 2648 0.594
354 2062 0.765 646 2680 0.587
362 1877 0.815 661 2662 0.591
287 1885 0.812 676 2746 0.573
378 1925 0.795 691 2722 0.578
386 1856 0.824 706 2629 0.599
394 1991 0.768 721 2770 0.568
402 2013 0.760 736 2845 0.553
410 1968 0.778 751 2755 0.571
418 1995 0.767 766 2779 0.566
426 1989 0.769 781 2756 0.571
434 2103 0.728 796 2835 0.555
442 2060 0.743 811 2930 0.537
450 1891 0.809 826 2802 0.562
458 2149 0.712 841 2820 0.558
1 466 1998 0.766 856 2763 0.570
474 2013 0.760 871 2873 0.548
482 2102 0.728 886 2966 0.531
490 2149 0.712 901 2852 0.552
498 2195 0.697 916 2829 0.556
506 2113 0.724 931 2976 0.529
| 514 2170 0.705 946 2889 0.545
522 2119 0.722 961 2899 0.543
530 2087 0.733 976 2940 0.535
538 2098 0.729 991 3001 0.524
D-9
j
1
i
546 2082 0.735 1006 2967 0.530
554 2143 0.714 1021 3000 0.525
562 2087 0.733 1036 3136 0.502
570 2155 0.710 1051 3032 0.519
578 2307 0.663 1066 3009 0.523
586 2155 0.710 1081 3084 0.510
594 2078 0.736 1096 3155 0.499
602 2059 0.743 1111 3040 0.518
610 2258 0.678 1126 3134 0.502
618 2350 0.651 1141 3080 0.525
626 2102 0.728 1156 3134 0.502
634 2311 0.662 1171 3090 0.509
642 2236 0.684 1186 3060 0.525
650 2464 0.621 1201 3165 0.497
658 2364 0.647 1216 3230 0.495
666 2394 0.639 1231 3263 0.482
674 2422 0.632 1246 3406 0.462
682 2591 0.607 1261 3337 0.472
690 2444 0.626 1276 3229 0.487
698 2535 0.604 1291 3322 0.474
! 706 2461 0.622 1306 3458 0.455
714 2535 0.604 1321 3424 0.460
722 2538 0.603 1336 3437 0.458
730 2453 0.624 1351 3502 0.449
738 2530 0.605 1366 3418 0.460
746 2464 0.621 1381 3445 0.457
754 2589 0.591 1396 3491 0.451
762 2595 0.590 1411 3438 0.458
770 2589 0.591 1426 3487 0.451
| 778 2507 0.610 1441 3534 0.445
786 2622 0.584 1456 3443 0.457
794 2597 0.589 1471 3500 0.450
802 2754 0.556 1486 3440 0.472
810 2658 0.576 1501 3600 0.437
818 2874 0.550 1516 3527 0.446
826 2492 0.588 1531 3452 0.456
834 2865 0.567 1546 3559 0.442
842 2874 0.550 1561 3544 0.444
850 2933 0.541 1576 3634 0.433
858 3092 0.495 1591 3566 0.441
8 66 3052 0.497 1606 3740 0.414
874 3026 0.543 1621 3600 . 0.437
882 2865 0.534 1636 3708 0.424
890 3000 0.550 1651 3670 0.429
D-10
ij
i
i
i
898 3070 0.535 1666 3670 0.429
906 2972 0.541 1681 3631 0.433
914 2942 0.535 1696 3646 0.432
922 2790 0.548 1711 3660 0.400
930 3030 0.519 1726 3776 0.398
938 3156 0.512 1741 4040 0.390
946 2870 0.533 1756 3878 0.406
954 3209 0.524 1771 3855 0.408
962 3133 0.507 1786 3836 0.410
970 2995 0.511 1801 3830 0.411
978 3150 0.505 1816 3865 0.407
986 3100 0.513 1831 3874 0.377
994 3150 0.513
1002 2890 0.529
1010 3250 0.500
1018 3172 0.505
1026 2990 0.512
1034 3150 0.505
1042 3230 0.500
1050 3170 0.490
1058 3058 0.500
1066 3055 0.501
1074 3177 0.497
1082 3140 0.510
1090 3150 0.503
1098 3030 0.505
1106 3045 0.502
1114 3070 0.498
1122 2967 0.516
1130 3110 0.492
1138 3110 0.492
1146 3110 0.492
1154 2887 0.530
1162 2907 0.500
1170 3060 0.500
1178 2942 0.520
1186 3300 0.484
1194 3200 0.489
1202 3012 0.508
1210 2965 0.516
1218 2911 0.526
1226 2933 0.494
1234 2954 0.518
1242 3212 0.476
D - l l
1250 3200 0.478
1 1258 3018 0.494
i 12 66 3225 0.474
1274 2945 0.498
| 1282 3305 0.472
1290 3248 0.471
1298 3170 0.483
1306 3012 0.508
1314 3017 0.507
1322 3018 0.507
1330 3188 0.480
1338 3200 0.478
1346 3060 0.500
1354 2971 0.500
1362 3305 0.463
1370 3060 0.500
1378 3326 0.460
1386 3188 0.480
1394 3018 0.507
1402 3305 0.463
1410 3305 0.463
1418 3248 0.471
1426 3248 0.471
1434 3248 0.471
1442 3188 0.480
1450 3300 0.464
1458 3060 0.500
1466 3188 0.480
1474 3103 0.493
1482 3103 0.493
1490 3305 0.463
1498 3248 0.471
1506 3355 0.456
1514 3103 0.493
1522 3525 0.434
1530 3408 0.449
1538 3155 0.485
1546 3355 0.456
1554 3525 0.434
1562 3355 0.456
1570 3355 0.456
1578 3060 0.500
1586 3305 0.463
1594 3248 0.471
1602 3355 0.456
1610 3477 0.440
1618 3120 0.490
1626 3438 0.445
1634 3350 0.457
1642 3180 0.481
1650 3018 0.507
1658 3129 0.489
1666 3477 0.440
1674 3602 0.425
1682 3010 0.508
1690 3060 0.500
1698 3031 0.505
1706 3409 0.449
1714 3185 0.480
1722 3198 0.478
1730 3326 0.460
1738 3400 0.450
1746 3408 0.449
1754 3423 0.447
D3.2 Calcium  Carbonate Exuerim ents:
Dp=480jim Q=50cm3/m in
Porosity=0.3804 Tem perature=50°C
TypeD TypeE Type F
Tim e,
m in
APi_6, Pa K /K i,.6 AP i -6, Pa K /K ii-6 APj.6, Pa K /K ii.6
10 3124 1.0001 3024 1.001 2875 0.974
20 2925 1.06794 3050 1.004 3004 0.932
30 3104 1.00635 3124 0.98 2905 0.964
40 3140 0.99489 3307 0.926 2860 0.97907
50 3140 0.99489 3137 0.976 2985 0.938
60 3140 0.99489 3035 1.009 3318 0.844
70 2958 1.05603 3210 0.954 3139 0.89195
80 3189 0.97952 3307 0.926 3500 0.8
90 3097 1.00868 3102 0.987 3333 0.84
100 3079 1.01469 3230 0.948 3608 0.776
UO 3005 1.03964 2984 1.026 3815 0.734
120 3325 0.93968 3257 0.94 3655 0.766
130 3167 0.98656 3289 0.931 4000 0.7
140 3110 1.0046 3452 0.887 3972 0.705
150 3256 0.9595 3645 0.84 4288 0.653
D-13
160 3384 0.92315 3667 0.835 4070 0.688
170 3230 0.96707 3346 0.915 3966 0.706
180 3212 0.97249 3771 0.812 4167 0.672
190 3303 0.94578 3628 0.844 4336 0.64571
200 3374 0.92582 3645 0.84 4263 0.65679
210 3407 0.91705 3611 0.848 5138 0.545
220 3427 0.91164 3926 0.78 4667 0.6
230 3428 0.91144 3757 0.815 4738 0.591
240 3328 0.93875 3861 0.793 5176 0.541
250 3389 0.92192 3861 0.793 5314 0.52691
260 3458 0.90353 3901 0.785 5480 0.51092
270 3445 0.90688 3977 0.77 5691 0.492
280 3561 0.87717 3828 0.8 6252 0.44787
290 3420 0.91348 3901 0.785 6252 0.44787
300 3410 0.91605 4160 0.736 5870 0.477
310 3502 0.89212 3916 0.782 5657 0.495
320 3650 0.85579 3982 0.769 6948 0.403
330 3574 0.87397 4369 0.70092 6837 0.40953
340 3518 0.88794 4235 0.72302 6957 0.40249
350 3571 0.8747 4547 0.67348 7635 0.36672
360 3548 0.88062 4277 0.71589 6667 0.42
370 3525 0.88624 4500 0.68049 7615 0.36769
380 3471 0.90002 4619 0.66289 7402 0.37826
390 3525 0.88624 4851 0.6312 8140 0.344
400 3607 0.86598 4884 0.627 7529 0.37191
410 3617 0.86365 4872 0.62847 8001 0.34996
420 3845 0.81258 5070 0.604 8028 0.3488
430 3499 0.8928 4591 0.667 8759 0.31967
440 3692 0.84611 5044 0.607 8659 0.32335
450 3822 0.8174 5010 0.61114 7648 0.36609
460 3735 0.83643 4954 0.61807 9537 0.29358
470 3627 0.86123 5329 0.5746 8615 0.325
480 3751 0.83275 4979 0.615 9265 0.30223
490 3751 0.83292 4755 0.644 9564 0.29277
500 3905 0.80008 5317 0.57587 11705 0.2392
510 3703 0.84354 5500 0.55674 9717 0.28816
520 3694 0.84577 5234 0.585 10442 0.26815
530 3696 0.84525 5235 0.58489 9863 0.28388
540 3782 0.82598 5660 0.541 10442 0.26815
550 3779 0.82664 5378 0.56935 10056 0.27844
560 3772 0.82828 5987 0.51143 10442 0.26815
570 3910 0.79904 5587 0.5481 11200 0.25
580 3765 0.82977 5863 0.52226 10555 0.26528
590 3744 0.83442 5706 0.53663 10947 0.25577
D-14
600 4113 0.75945 5767 0.53096 11659 0.24016
610 3824 0.81692 5914 0.51771 10641 0.26313
620 4135 0.75546 6111 0.50104 10000 0.28
630 3796 0.82289 6299 0.48614 11546 0.24251
640 3783 0.82582 6460 0.474 11838 0.23652
650 3886 0.80399 6207 0.49329 11506 .0.24335
660 3988 0.78329 6075 0.504 11506 0.24335
670 4207 0.74253 6526 0.46921 11985 0.23363
680 4113 0.75945 6746 0.4539 14632 0.19136
690 3944 0.79207 6580 0.46537 12224 0.22905
700 3969 0.78714 7130 0.42944 12231 0.22893
710 4036 0.77412 6699 0.45707 12650 0.22135
720 4027 0.77571 6557 0.467 14559 0.19233
730 4200 0.74383 6985 0.43837 12224 0.22905
740 3927 0.79555 7095 0.43157 12836 0.21813
750 4242 0.73641 7212 0.42456 11838 0.23652
760 3877 0.80586 7519 0.40723 13900 0.20144
770 3916 0.79784 7512 0.40762 13441 0.20831
780 3946 0.79175 7224 0.42387 13747 0.20368
790 4108 0.76056 7798 0.39268 13594 0.20597
800 4110 0.76014 7816 0.39174 14406 0.19437
810 4127 0.75697 8201 0.37339 16092 0.174
820 4063 0.76884 7927 0.38629 19819 0.14128
830 4048 0.77168 8177 0.37445 14964 0.18711
840 4085 0.76474 8299 0.36896 15437 0.18139
850 4141 0.75436 8386 0.36515 15530 0.1803
860 4482 0.69695 8650 0.35397 21374 0.131
870 4288 0.72849 7432 0.412 15523 0.18038
880 4258 0.73364 8344 0.36699 16095 0.17397
890 4022 0.77672 8671 0.35311 16308 0.1717
900 4168 0.74948 8737 0.35046 18423 0.15199
910 3966 0.78779 8013 0.38212 16853 0.16614
920 4245 0.73585 8779 0.34878 14632 0.19136
930 4184 0.74666 9145 0.33484 21549 0.12994
940 4282 0.72953 9251 0.331 17252 0.1623
950 4340 0.71983 9442 0.32429 22613 0.12382
960 4417 0.70725 9784 0.31296 17611 0.15899
970 4442 0.70331 8953 0.34203 17778 0.1575
980 4442 0.70331 8953 0.34203 21216 0.13197
990 4475 0.69812 8875 0.345 16471 0.17
1000 4165 0.75008 9846 0.311 18981 0.14751
1010 4480 0.6973 9149 0.33467 19580 0.143
1020 4441 0.70343 9271 0.33027 17834 0.157
1030 4635 0.67403 9447 0.32413 20152 0.13894
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1040 4383 0.71269 9271 0.33027 24342 0.11503
1050 4441 0.70343 9611 0.3186 23333 0.12
1060 4434 0.70462 9576 0.31977 18182 0.154
1070 4345 0.71896 9723 0.31492 20684 0.13537
1080 4242 0.73641 9751 0.31401 21502 0.13022
1090 4327 0.72202 9659 0.317 23677 0.11826
1100 4529 0.6898 10380 0.295 19444 0.144
1110 4686 0.66674 10139 0.302 21283 0.13156
1120 4615 0.67692 10072 0.304 22194 0.12616
1130 4497 0.69475 9817 0.31191 20000 0.14
1140 4473 0.69847 9942 0.308 22985 0.12182
1150 4577 0.68257 10669 0.287 25225 0.111
1160 4578 0.68246 10004 0.30607 18919 0.148
1170 4620 0.67626 10486 0.292 25739 0.10879
1180 4747 0.6581 10124 0.30246 21374 0.131
1190 4384 0.71257 10060 0.30436 23477 0.11926
1200 4634 0.67418 10222 0.29955 23757 0.11786
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Appendix E l: Ryznar and Langelier scaling index f911
Exam ple:
Given the following data, 
find the values o f  both the 
Langelier and the Ryznar 
indexes:
pH = 6.9 
TDS =72 ppm 
Calcium hardness as 
CaCC>3 = 34 ppm 
Methyl orange alkalinity 
as CaC03 = 47 ppm
Solution:
1. Reading at the bottom 
o f  the left-hand side, 
find TDS = 72 and 
note the intersection of 
this reading with the 
curved 70 °F line.
2. Carry this intersection 
horizontally to pivot 
line 2.
3. Connect that point 
with Ca hardness = 34 
on the right-hand 
scale.
4. Note the intersection 
with pivot line 3.
5. Connect that point 
with alkalinity = 47 on 
the left-hand scale.
6. Note the intersection 
on pivot line 4. 
Connect this 
intersection to pH = 
6.9.
7. The Langelier Index = 
-1.8 and the Ryznar 
Index = 10.5. This 
water would be said to 
be very corrosive.
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Appendix E2: Stiff and Davis “ K”  constant [110]
V a lu e  o f  ,rK "  a t  V a r i o u s  I o n i c  S t r e n g t h  
f o r  CaCO-s
XO 3 2  3.4 3.6 34 4
IONIC STRENGTH l^ »l
M o l a r  I o n i c  S t r e n g t h  ( p )
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Appendix E3: Conversion o f mg/1 calcium and Alkalinity into pCa and pALK
C o n v e r s i o n  o f  m g / L  C a l c i u m  a n d  
A l k a l i n i t y  i n t o  p C a  a n d  p A l k
M ols C a + + / L i t e r
E q u i v . T o t a l  A l k / L i t e r
T o t a l  A ikCalcium
1 0 , 0 0 0
7 , 0 0 0
5,000
4,000
3 , 0 0 0
2 , 0 0 0
500
2.5 3 JO 3.5
p A l k  o r  p C a
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Appendix F: The map o f  oilfield in Persian G ulf
Abu Musa Is Oman
c.dqi’w \ MUBAREK*) {SIRRI^ * \ , ... r  • J
^BULHANINE /^FATEH^8**
KABU AL FALAH w Umm Al Qi'rwiin • 3
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BUNDUQ B 0O T ^ zakum
arzanah
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'  \  Shariah)
Abu Dhabi
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J  OF OMAN
/
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